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Abstract

In this final technical report, results from several different high density holographic
data storage experiments are presented to demonstrate that information can be stored
more densely using holography. We start with a preliminary experiment to show that the
DuPont photopolymer could indeed be used to record high density holograms with
sufficient SNR and end with an experiment where a surface density of 100 bits/pm’ was
achieved. For one of the high density experiments, we constructed a functional
holographic 3-D disk record/read station. A new multiplexing method called ‘shuft’
multiplexing was used to wrife overlapping holograms in a spiral track on the disk. just
like the compact disc format. The capacity of a 120 mm disk with a surface density of 100
bits/um’ would be around 100 Gbytes, roughly 100 times more than the current compact
disc. We end the-final technical report with some suggestions for future experiments in

the area of holographic 3-D disks.
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1.1 Introduction

Holographic data storage offers several advantages when  compared  to
cénventional storage devices. The data stored and retrieved is organized as a two-
dimensional page. consisting of a large number of pixels (bits). The read-out rate can be
very high since an entire page of data is presented when a hologram is reconstructed. For
example. accessing a page of data consisting of 1.000 x 1,000 pixels within I ms would
give a data transfer rate of 1 gigabits per second. Furthermore. holographic data storage
allows many pages of data to be stored at the same location with little cross-talk by using
multiplexing techniques such as angle [1. 2]. wavelength [3, 4], phase-code [5. 6]. fractal
[7. 8], peristrophic [9]. and shift [10]. To a first-order approximation. the density
achievable with holography is simply :

D,, = MxD,, ' (3.H)
where M is the number of holograms multiplexed at one location, D:p is the density per
page of hologram, and Dsp is the holographic density. For thin recording materials such
as the photopolymer, it is convenient to think of the 3-dimensional holographic density as

a surface density. This allows easy comparison with conventional data storage devices.
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The surface density of current compact disc memories is approximately | bit um’
and is limited prirnarily by the size of the illuminating spot. The next generation of optical
compact discs that are scheduled to appear in the near future will have a surtace density of
~6 bits/um’ [11]. Dual-layer and double-sided systems are expected to have an cquivalent

surface density in excess of 20 bits'um’. For holographic memories to be competitive, the
surface density of holographic 3-D disks must be higher than the projected density of
conventional media by a comfortable margin. This concern makes surface density the
primary goal in the design of a holographic 3-D disk system. The storage density of
holographic disks was analyzed in great detail by Li and Psaltis [12]. For the system they
had in mind. it was determined that for an optimal recording medium thickness of 1.6 em.
a storage density of 110 bits/um” is obtainable by angle multiplexing alone. This gives
nearly an order of magnitude of margin over the projected surface density of the next
compact disc technology.

Much in the thinking of holographic data storage system design has changed since
Li and Psaltis’ paper. New multiplexing methods such as peristrophic and shift have
increased the storage density possible while using thinner recording materials. The old
thinking of more holograms stored at a given location equals higher storage density has
been proven to be only partially true. In an previous experiment where 1,000 image plane
holograms were stored in the 100 micron thick DuPont photopolymer was discussed. The
'size of each data pixel was 100 pm x 100 um, giviﬁg a storage density of only ~.1 bit/ pm’
(1,000 holograms / (100 pum X 100 prﬁ)). This is about an order of magnitude lower than
the surface density of compact discs despite being the largest number of hblograms ever

stored in a 100 micron thick recording material. In Chapter 1.2 we will show an
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experiment where a surface density of 10 bits um™ was achieved in the same 100 micron
thick photopolymer by recording only 32 high bandwidth holograms.

The 10 bits/um’ experiment was to demonstrate that high density holograms could
indeed be recorded in DuPont's photopolymer films with sufficient signal-to-noisc ratio
(SNR). In Chapter 1.3, we make our first attempt at constructing a functional holographic.
3-D disk system using the DuPont photopolymer. The same 10 bits/pm’ experiment was
repeated except that the rccording material was in the shape of a disk and shift
multiplexing was used. Shift multiplexing is especially well suited for the holographic 3-D
disk application. It allows holograms to be stored sequentially on the disk. in a spiral
track much like the compact disc. The holograms partially overlap in the track and
adjacent tracks also overlap to further increase the surface density. All this i1s done witha
simple spherical reference beam and the disk motion provides the means of multiplexing.
A very nice feature of using a spherical reference beam is the ability to diminish t‘hc etect
of photopolymer shrinkage on the stored holograms. This is discussed in detail in Chapter
1.3.3.3.

A surface density of 10 bits/um’ is not enough to make holographic 3-D disks
more attractive than conventional compact discs. To be truly impressive, a demonstrated
surface density of 100 bits/ pm’ would be nice. However, this requires a thicker recording
medium than thé 100 micron thick photopolymer. Chapter 1.4 shows an experiment
where a surface density of 100 bits/pm2 was demonstrated with a 1 mm thick LiNbO;,
using nearly the same setup as in Chapter 1.3. This experiment shows that it is possible to

achieve a holographic surface density that is much higher than conventional data storage

devices.
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A lot of kinks remain to be ironed out before holographic 3-D disks can become a

commercial product. Chapter 1.5 discusses some of the technical problems and possible

solutions.

1.2 10 bits/um?® High Density Experiment Using Peristrophic and Angle

Multiplexing
1.2.1 Introduction

Eq. 1.1 shows that the holographic storage density is equal to the number of
holograms multiplexed at a given location times the page density of a single hologram.
The same storage density can be achieved with many low page density holograms or a few
high page density holograms. Given the desired storage density, the choice between many
low density holograms or a few high density holograms is a complex issue. It depends on
the system components available, the desired page size (number of pixels or arca). the
thickness and dynamic Vrange of the recording materiai.

System components such as lenses and spatial-light modulators usually define the
page density while the number of holograms is limited by the thickness and the dynamic
range of the recording material. Since the maximum storage density is fixed for a given
volume. there is also some cross relationship between page density and the number of
holograms storable at a single location. The number of pixels in each hologram is usually
picked to optimize the performance of the system. Depending on the appliéation, it might
be desirable to have the memory space divided into large or small pages. For example, the

Intel 8088 processors organized its 1 megabyte memory space into 64 kilobyte pages for
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easy access. This caused many headaches for programmers but was most efficient for the

processor.

For the high density experiments in this chapter, we maximized the page density
first and then tried to store as many holograms as possible in the recording material. This
method uses the dynamic range of the recording material most efficiently since diffraction
efficiency is inversely proportional to the numb¢r of holograms squared (n x1/ M ).
The pixel size was picked to ease data readout and the number of pixels in cach hologram
was defined by the lens aperture. Using our high density setup. we were able to achieve a

surface density that is many times higher than any conventional data storage devices.

1.2.2 Experimental Setup

Figure 1.1 shows a schematic diagram of the high density setup using peristrophic
and angle multiplexing. A photographic glass plate of a random binary bit pattern was
used as the input SLM. The center-to-center spacing of the pixels was 45 microns (in
both directions), and the fill factor was 100%. A pair of Nikon f7/1.4. 3.9-cm-aperture
camera lenses were used in a 4-f geometry to image the SLM to the detector array. The
glass data mask plafe was pressed up against the Nikon lens to ensure that all the pixels
within the lens aperture were captured and imaged to the detector plane. A total of
590,000 pixels fit in the apertures of the two Nikon lenses and a sharp image of the entire
field was obtained at the detector plane. The holograms were recorded by a planewave
reference beam with the recording material placed slightly past the Fourier'transform
plane. At that position, the diameter of the signal beam on the photopolymer was 1.5 mm

and its spatial uniformity was much better than at the exact Fourier plane. The aperture of
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the reference planewave on the recording material was controlled by an iris. To avoid
diffraction effects. the iris was imaged to the photopolymer by a 4-/ system with the iris at
the first image plane and the photopolymer at the other image plane. The intensity of the
reference planewave was 250 pW.’cm: and the intensity of the signal plancwave before the
~ data mask was 1.8 uW/cm®. The photopolymer was tilted by 5° out of the x-y plane to
reduce back reflections.  Peristrophic multiplexing was achieved by rotating the
photopolymer around its own surface norm:.il. Angle multiplexing was combined with
peristrophic multiplexing to increase the number of pages stored at a single location. For
simplicity. angle multiplexing was achieved by rotating the recording matcrial around the
v-axis with a second rotational stage. The signal and reference beams made an angle of
25° and 35° (respectively, measured from outside the photopolymer) with respect to the
surface normal of the photopolymer initially. The rotation of the recording material
around the v-axis during angle multiplexing changes these angles but the angle between
the signal and reference beams remains constant at 60°. At the detector plane. a simple
video rate CCD camera was used. Its output was linked to a computer via a framegrabber
board.

Figure 1.2 shows a picture of the high density setup using peristrophic and angle
multiplexing. The dimensions of the setup. measured from the front of the data mask to
the end of the CCD was approximately 28 cm with a width of 12 cm. A photographically
produced dat'a mask was used in the setup instead of a liquid-crystal type SLM for several
reasons. (1) The 100% fill factor of the photographically produced data mask eliminated

the repetitive higher orders. This simplified the setup since no filtering was required. (2)

To ensure that the highest possible density is achieved in a page of hologram, the entire
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aperture of the Nikon lens must be filled with data. The liquid-crystal SLMs we had in the

labs were too small to cover the entire 3.9 cm Nikon lens aperture. Therefore. a large but
fixed data mask was used in the setup. Since this is a first-order experiment to
demonstrate the high storage density capability of holographic devices. we feel that the

inability to change the data pixels from page to page is but a small kink in the experiment.

Nikon /1.4 lenses
data mask (SLM) //\\ detector plane

photopolymer

~

peristrophic
rotation 4

\\ . - » - ‘\\/ N
AN e - AN
~ angle X
rotation z
</,
reference planewave ay

Figure 1.1 : Schematic diagram of the high density setup using peristrophic and angle
multiplexing.

Figure 1.2 : A picture of the high density setup using peristrophic and angle multiplexing.
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Nikon camera lenses were used in the setup because they are relatively inexpensive

for a multi-element lens and they are very well corrected across the entire aperture. For
imaging applications where a low f'# system is required, significant image distortion
usually results at the edges of the lenses. Camera lenses are designed to faithfully
reproduce the input scenes on films without much distortion. This is achieved by using
multiple lens elements in a single package. For example, the Nikon f’1.4 lens (Product
Number 1904) has 7 elements in 6 different groups to correct for distortions. Camera
lenses are produced for the mass market. therefore they are relatively inexpensive (~5400
for a Nikon f/1.4 lens) when compared to custom designed lenses with the same
specification (~$30.000 for the design and production of the first lens). No signiticant
image distortion was encountered anywhere within the apertures of the Nikon lenses. .
Notice in Figure 1.1. the 4-f system constructed with the two Nikon /1.4 camera
lenses is actually backwards. To construct a true 4-f system in the way these lenses were
designed. the side of the lens that normally faces the photographic film should face the
data mask and the CCD array. There is a separate ring that allows two Nikon camera
lenses to be screwed together to form a perfect 4-f system. The ring screws the sides of
the lenses that normally face the scene together. The problem with that setup is then the
Fourier plane becomes inaccessible since the focal plane of the side that normally faces the
scene is only a few millimeters from the lens casing. On the other hand, the focal plane of
the side that faces the photographic film is about 4 cm from the lens casing. By building
the 4-f system backwards, we can get almost 8 cm of working space between the lenses,

enough room to place the recording material and the rotational stages near the Fourier
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plane. This backward 4-f system undoubtedly has some aberrations. However. it Wwas not

noticeable with the large 45 pm x 45 pm pixels in our data mask.

We chose near Fourier plane recording instead of the image plane because it 1s
casier to achieve high page density holograms in the Fourier plane. Figure 1.3 shows a
typical image plane setup using two 4-f imaging systems. The data to be stored is first
imaged to the photopolymer by the first 4-f system. The ihterference pattern created
between the image of the data mask and a planewave reference beam is stored as a
hologram. During readout. the reconstructed hologram is imaged to the detector array

with the second 4-f system.

4-f'system

photopolymer detector array

4-fsystem

Figure 1.3 : Typical image plane recording setup.

In the image plane, the density per page is given by the inverse of the pixel arca
(density ~ 1/6 ?). - Therefore, in order to achieve high density per page, the pixel size must
be very small. However, the pixel width of most SLMs and detector arrays are usually
from slightly less than 10 pm to tens of microns. This gives a very low density value
unless the first 4-f system reduces the pixel size and the second 4-f system re-expands the

pixels. Lens systems that can reduce input pixels to the micron range are very expensive.
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Some lithographic reduction lenses manufactured for the VLSI industry can be applied to

this application. For example. the Nikon Ultra-Micro-Nikkor 28 mm /’1.7¢ ultra high
resolution lens was designed for printing minute image patterns on plates coated with
photo-resist under g-line monochromatic lighting (435.8 nm wavelength). Its standard
reduction is 1/10 and this lens guarantees a resolving power of more than 800 lines per
mm over the 8 mm image diameter (minimum pixel width of 1.25 um). Using two of
these lenses to image the data from the input SLM to the detector arrav would give a
maximum page density of .64 bits um- at the reduced image plane between the two lenses.
This density value is very good considering that the same resolution is maintained over a
large field (unlike compact discs where the objective lens only needs to produce a single
spot at the optical axis of the lens). However, these lenses are very specialized. expensive,
and sometimes even unobtainable. Newer lens systems that can resolve sub-micron pixels
are currently exposing the next generation VLSI chips with feature sizes less than .2
microns. However, these lithographic systems are sold with million dollar price tags and
the lenses cannot be brought separately.

Another draw back of these high resolution reduction lens systems is that their
overall working distance is large. For the Nikon Ultra-Micro-Nikkor 28 mm f'1.7¢ lens.
the distance from the input image to the reduced image is 31.5 cm. Using two of these
lenses to reduce and re-epl(pand the input image would require a system with a length of at
least 63 cm. Furthermore the distance from the lens casing té the reduced image plane is
only 1.1 cm. This gives a distance of only 2.2 cm between the two lenses to place the

rotational stages and the recording material.
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For Fourier plane recording. the criteria for high density holograms is completely

different. Figure 1.4 shows a simple Fourier plane holography setup using one 4-f system.
At the Fourier plane of the 4-f system. the width of the signal beam is given by 24/°5,
where A is the wavelength, f is the focal length of the lens, and S is the pixel size of the
SLM. For large pixels, the spot at the Fourier plane will be small and vice versa. The
density per page at the Fourier plane is equal to the number of pixels captured by the
apertures of the 4-f system over the spot size of the hologram. For a square SLM with .\,
by .V, number of pixels that fit within the lens aperture. the page density 1s gi\ en by :

N,S°
Q2 Y

page density at the Fourier plane = (1.2)

where N,8. the number of pixels per dimension times the pixel size. can be thought of as
the maximum aperture of the lens system. Then N,6/f is like the inverse /% of the lens
system. By plugging f'# = fIN,6 into Eq. 1.2 and multiply the whole thing by a circular
lens aperture correction factor, we get :

page density at the Fourier plane = (1.3)

T
Q@A) 4
where f/# is the f~-number of the 4-,./"system. Notice in Eq. 1.3, the page density at the
Fourier plane is independent of the SLM pixel size. This means that larger pixels can be
used and still get the maximum possible page density given the f/# of the 4-f system.
Hence the pixel size can be picked to match conveniently with the pixel size of the
detector array without expansion or reduction. Furthermore, when compared with the

image plane setup, the Fourier plane system is much more compact and fewer lenses are

required.
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The only requirement on the lens system for the Fourier plane sctup is that the
lenses be well corrected for distortion. If the pixels at the edges of the lenses get warped
or distorted in some way, then the actual /# of the 4-f system is higher because those
pixels cannot be used. This decreases the density possible per page. Luckily. camera
lenses are very well corrected across the entire field of view and some have low f'#s. For
the Nikon /1.4 camera lenses used in this experiment, the maximum possible density per
page at the Fourier plane, using a \\'a\'clcngfh of 532 ﬁm would be .35 bits um’.  Even
higher density can be achieved with lower /# camera lenses. We also tried to use Nikon
//1.2 camera lenses (Product Number 1435). However for these lenses. the tocal plane of
the side that faces the scene is inside the lens casing. This means that when used as a -1
system, the image plane is inaccessible. So far we have not found any other lower /%

camera lenses with both focal planes outside the lers casing.

ey

4-f system

Figure 1.4 : A simple Fourier plane holography setup.
The ability to pick convenient pixel sizes (and still maintain the same page density)

and readily available camera lenses that can be used to construct a well corrected 4-f
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system are the two major reasons why the Fourier plane geometry is so attractive. In the
limit of the resolvable spot size given the f’# of the lens system (6 = 22,/"3). the density
achievable in the image plane is the same as in the Fourier plane. However. Fourier plane
holography offers b_etter immunity to dusts. scratches, and surface defects since the energy
of each pixel is spread out over a larger area.

Oﬁ the other hand, there is a big problem with recording holograms at the exact
Fourier plane. At the Fourier plane. the signal beam has a very strong DC component.
The DC spike at the Fourier plane is from the non-spatially varving part of the input
image. If a hologram was recorded at the exact Fourier plane, the strong DC quickly
exhausts the dynamic range of the photopolymer at the DC spot. This causes subscquent
holograms that are recorded at the same location to become edge enhance. since only the
higher frequency components are stored. One method to get around this problem is to use
a random phase diffuser [13-15]. A phase diffuser placed right before or after the SLM
modulates the phase of the input image. The non-spatially varying part of the input image
cets modulated by a random phase. which causes the DC to broaden in area. If the
resolution of the réndom phase diffuser is better than the SLM, then the Fourier transform
spot would get bigger since the effective 5 has gotten smaller. This is undesirable since
the density per page would decrease due to the increased hologram area. However, by
making the random phase diffuser pixel matched with the SLM pixel, the same page
density can be obtained with a more uniform Fourier transform. ‘

In practice, it is often difficult or costly to obtain-a good random phase diffuser.-
We tried to make binary (0, ) random phase diffusers in-house for the high density

experiments. However, we were unable to achieve the desired effects due to poor etch
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uniformity and rough pixel alignments. For the experiments in this chapter. instead of

using a phase diffuser. we move the recording material slightly past the exact Fourier
plane so that the DC component could defocus and become more uniform. Figure 1.5

shows a simple graphical representation of how the rays converge at the Fourier plane.

\\ ;}'( -
) )
Nikonf14 ™. v Nikon £'1.4
camera lens . camera lens
< e e >
- \—\/-/

-\l

depth of focus = 8~ﬁé—

Figure 1.5 : Graphical representation ot how the rays converge at the Fourier Planc.

The Nikon f/1.4 camera lenses produce a cone of rays nearly 40" in spread. The
DC component focuses down to a waist size of a few microns while the higher frequency
components produce a zero™ order waist of 24/78. Approximately 90% of the energy is in
the zero™ order with the remaining 10% in higher orders. The depth of focus of the DC
spot (when the waist becomes V2 times larger) is given by the expression shown in Figure
1.5. For the small //# Nikon lenses used. the DC spot defocuses very quickly and catches
up with the higher frequency components with only a small displacement off of the Fourier
plane. At the exact Fourier plane, the waist size of the zero™ order is 1.3 mm (A = 532
nm, £= 5.5 cm, and 6 = 45 um). For the high density experiments, we slightly displaced
the recording material past the exact Fourier plane and the diameter of the signal spot on
the photopolymer was 1.5 mm when sufficient DC spreading was achieved. In measuring
this spot size, the very weak higher frequency components in the signal wefe excluded.

These low intensity components do not record well due to their poor modulation index.
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Therefore, they could be filtered during recording or just not illuminated during readout to
keep the effective area of the hologram small. This lo?v-pass filtering process causes the
edges of the reconstructed pixels to be not quite as sharp as the original data mask.
However, the smaller signal spot size does increase the page density. The density per
page at the slightly past Fourier plane position is 590,000 pixels / (0.75 x 0.75 mm° x 1) ,
= 0.33 bits/um®. Not as good as the maximum possible density of 0.35 bits’um’ at the

exact Fourier plane but pretty close.

1.2.3 Experimental Results

The goal of this experiment is to achieve an equivalent surtace density ot 10
bits’'um™ in DuPont's HRF-150-100 (100 microns thick) photopolymer using angle and
peristrophic multiplexing. With a page density of .33 bits/um®. a minimum of 30
holograms must be multiplexed in the same area to get a surface density of 10 bits '
This might sound like a simple proposition since 1,000 holograms were stored in the same
recording material, using the same multiplexing methods in a previous experiment.
However, to store 30 holograms in this experiment will prove more difficult due to the

much higher bandwidth of the signal beam.

For the 1,000 hologram experiment done previously, 100 peristrophic holograms
were multiplexed at each of the 10 angle multiplexing positions (position here refers to the
angular position of the rotational stage, all the holograms were stored at one location).
The photopolymer iwas rotated in-plane by 1.8° for peristrophic multiplexing and angular
positions were separated by 1.5°. For our high density experiment, the aperture of the

Nikon f/1.4 camera lens is 3.9 cm and the focal length is approximatelyVS.S cm. The signal
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and reference beams made an angle of 25° and 35° (respectively, measured from outside

the photopolymer) with respect to the surface normal of the photopolymer.  The
theoretical Fourier plane peristrophic selectivity (where N8 = 3.9 cm) is a minimum ot 41
degrees in rotation to shift the reconstruction completely out of the aperture of the Nikon
lens. Experimentally, we found that a 45 in rotation was sufficient to completely Bragg
mismatch and shift the undesired hologram off of the Nikon lens aperture. Therefore, up
to four peristrophic holograms can be multiplexed from 0 to m with this configuration.
The small difference between theory and experiment is probably duc to the slight
displacement of the recording material off of the exact Fourier plane.

Due to the much higher bandwidth signal beam in the high density experiment.
instead of being able to store 100 peristrophic holograms from 0 to 7 (as in the 1.000
hologram experiment), only four can be stored without cross-talk. The reconstructed
hologram in the high density setup is much hqrder to get rid of since it is so large (3.9 cm
in diameter) and the focal length of the Nikon camera lenses are so short (5.5 cm). We
could have used longer focal length lenses to decrease the amount of rotation required to
shift away the undesired hologram. However, the density per page would decrease if the
aperture of the new camera lens was not bigger to capture more pixels (since the area of
the hologram would increase with the longer focal length). On the other hand. by
increasing the aperture of the new lenses,» the undesired hologram would again become
harder to get rid of. We can derive the surface density achievable with peristrophic
multiplexing based on the f/# of the imaging system.

Fourier plane peristrophic selectivity can be rewritten as :
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I
v = (1.4
v Ji#(sin 0, +sin 6, ) )

by replacing f//N,8 by the f/# of the imaging system. The number of holograms that can be
peristrophically multiplexed from 0 to « in rotation is given by :

number of peristrophic holograms =7f /#(sin 0. +sin 6, ) (1.5)
Eq. 1.5 can be combined with Eq. 1.3 to get the surface density achievable with

peristrophic multiplexing.

sin@, +sind)

— (1.6)
(2A) 1 =

. . : ..
surface density with peristrophic multiplexing = e

From Eq. 1.5 we can see that if a lot of peristrophic holograms is what we want.
then a large f/# lens system should be used. However, the surface density achicvable at
the Fourier plane is inversely proportional to the square of the f7#. Theretore. in order to
get high surface density, the lowest f/# imaging system should be used (Eq. 1.6). This
reduces the number of peristrophic holograms but increases the overall surface density.

The maximum number of holograms that can be angularly multiplexed at cach

location is given by :

©  OLsin(6,'+6.")
AB'  A'cos

number of angle holograms = (1.7)

where @ is the range of angle that can be used to store angle multiplexed holograms. A6’
is the angular selectivity inside the recording material (first null), L is the thickness of the
hologram, A’ is the wavelength of the laser inside the recordiﬁg material, 6, (6,) is the
angle between the reference (signal) beam and the photopolymer's surface normal

measured from inside the material. For our experimental setup, L = 100 um, the index of
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refraction of the photopolymer = 1.525, A' = 349 nm. 0, = 22° and 0. = 16", which gives

A0 a value of 0.31° to the first null of the sinc function inside the material. However, Eq.
1.7 is valid only for planewave holograms. The signal beam spread inside the recording
material was nearly 25° because of the large numerical aperture of the £1.4 Nikon lenses.
The actual angular selectivity curve from one hologram stored using the high density setup

is shown in Figure 1.6.
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Figure 1.6 : The angular selectivity of one hologram fecorded with 8, =22"and 0,' = 16",
The diffraction efficiency of the hologram was measured by placing a lens with
sufficient aperture to cover the entire reconstruction at the image plane of the hologram.
The lens collected the entire hologram and a silicon detector was placed near the focal
plane of the lens to measure the diffracted po§ver as the recording material was rotated to

different angular positions. The hologram was stored with 6, = 22° and 6, = 16° and the
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'0 angular position in Figure 1.6 represents the angle of the rotational stage at which the

hologram was stored.

Notice that the selectivity curve in Figure 1.6 is asymmetric and doesn't have the
maximum diffraction efficiency at '0' angular position. This behavior does not match the
simple angular selectivity theory of a sinc() function with regular null spacing. As stated
previously, DuPont's photopolymer shrinks slightly when exposed to light. This shrinkage
is part of the chemical process that creates the index grating and causes the Bragg
condition of the stored hologram(s) to change slightly. The shrinkage etfect 1s most
apparent for high bandwidth holograms recorded in an asymmetric geometry. Figure 1.7

shows the x-sphere representation of a high bandwidth hologram in an asymmetric

geometry.

(2) (b)

Figure 1.7 : x-sphere representation of a high bandwidth holo'gram in asymmetric
ceometry. (a) The grating cone before shrinkage. (b) The grating cone after shrinkage.

Figure 1.7 (a) represents the x-sphere diagram of a high bandwidth hologram
before shrinkage has occurred. The planewave reference beam is represented as a siﬁgle
vector while the high bandwidth signal beam is represented as a spectrum of vectors..
There exists a grating vector from the tip of the reference beam vector to every signal

beam vector in the signal cone. One such grating vector is drawn in Figure 1.7 for




20
illustration and the grating cone on the k-sphere in the y-= plane is highlighted with a thick.

curved line. Shrinkage of the photopolymer occurs mostly in the = direction since the
material is anchored on a glass substrate in the v-v plane. Photopolymer shrinkage
compresses the grating cone in th¢ = direction and lifts it ofT of the x-sphere as shown in
Figure 1.7 (b). The only part of the grating cone that remains on the k-sphere is where the
signal beam has the same angle as the reference beam, with respect to the surface normal
of the photopolymer. For that special case. the grating vector has no z-components and
therefore shrinkage has no effect on its Bragg condition.

We can re-Bragg-match portions of the grating cone by changing the reference
beam angle slightly or by rotating the photopolymer around the x-axis. Figure 1.8 shows
how this is done in the k-sphere. In Figure 1.8 (a), by rotating the photopolymer counter-
clockwise around the x-axis, the reference beam angle would appear smaller and this
pushes the grating cone away from the x-cphere.  With sufficient counter-clockwise
rotation. the upper portion of the grating cone will get pushed back on the x-sphere. In
Figure 1.8 (b), by rotating the photopolymer clockwise around the x-axis. the reference
beam angle would appear larger, and this pulls the lower portion of the grating cone back
on the x-sphere. Notice in either case, the portion of the hologram that is Bragg-matched
diffract at a slightly different angle than the original image. Furthermore, only a portion of
the hqlogram can be Bragg-matched at a time using this method. For the asymmetric
recording geometry shown in Figure 1.8, the upper portion of the grating cone requires a
larger rotation to Bragg-match' than thé lower portion. This causes the diffracted power
to dissipate slower when rotated in the counter-clockwise direction. Also,l since a larger

portion of the grating cone requires a counter-clockwise rotation to Bragg-match, the
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maximum diffracted power angular position changes from no rotation to favor a slight
counter-clockwise rotation. These effects are depicted in the angular selectivity curve of
Figure 1.6. Negative angular positions refer to counter-clockwise rotation while positive

angular positions refer to clockwise rotation of the photopolymer around the x-axis.

.
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Figure 1.8 : x-sphere representation of the Bragg-match condition. (a) To Bragg-match
the upper portion of the grating cone. (b) To Bragg-match the lower portion of the grating
cone. '

We can figure out how much the photopolymer has shrunk by using the amount of
rotation required to re-Bragg-match the different portions. Experimentally for our setup.
the lower portion required almost no rotation to re-Bragg-match while the middle and the
upper portions required a counter-clockwise rotation of 0.3 and 0.7 degrees. respectively.
Assuming the modification to the reference beam angle is small when the photopolymer is
rotated to re-Bragg-match diﬂ'erent portions and the total index of refraction change is
negligible, we can compute the shrinkage factor, 7, as :

cos 0,'-cos 8’
cos 0, '—cos( 0. '+A8 ')

(1.8)

where 6, is the reference béam angle, 6, is the signal beam angle for that portion of the

hologram, A8' is the change in the reference beam angle due to the rotation (all angles
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measured from inside the récording material). By plugging in the numbers corresponding
to the upper portion of the hologram (6, = 22°, 6" = 3.3°, A" = 0.4") we get a shrinkage
factor of ¥ = 0.04. This means that the photopolymer shrunk by about 4°o for that
hologram.

It is hard to tell the null spacing from the angular selectivity curve of Figure 1.6
since the spacing is different for clockwise and counter-clockwise rotations. A better
indication of where the next angle hologram can be multiplexed 1s the amount of notse
introduced by adjacent angle holograms. This can be obtained by storing three angle
multiplexed holograms and then mcasure the amount of noise experienced by the middle
hologram. The SNR measured from three angularly multiplexed holograms with an
angular separation of 5° was 4 (a rotation of 5 around the x-axis). The quality of the
reconstructions were good and no bit errors were observed. By decreasing the angular
separation to 2°, the SNR of the middle hologram dropped to 3.2 and the distinction
between the 'on' and 'off pixels were not as clear. - No bit-errors were observed in the
reconstruction of the middle hologram but errors were likely if the angular separation was
decreased further. For comparison, the SNR measured for a single hologram (no
multiplexing) was 4.5. Figure 1.9 shows the center portion of the reconstructed hologram
for the three cases.

Figure 1.9 showé that visually, the quality of the hologram decreased as the
angular separation was decreased from 5°to0 2°. In order'to avoid bit-errors with this
setup, the angular separation must be greater than 2°. On the other hand, we would also
like to store as many angle holograms as possible to boost the overall surface density. As

stated before, with a page density of .33 bits/um’, we need at least 30 holograms to
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achieve a surface densitonf 10 bits’'um’. We have alrcady determined that up to 4
peristrophic holograms can be stored from 0 to m without cross-talk. In order to get at
least 30 holograms, we would need to store 8 angle holograms at cach of the 4
peristrophic positions. Our setup has a geometrically limited © (Eq. 1.7) of slightly less
than 20°. Therefore we picked an angular separation of 2.5° per hologram and hoped the

SNR would be good enough to avoid bit-errors.

Figure 1.9 : The center portion of the middle hologram for three different cases. (a) One
hologram. (b) Three angle multiplexed holograms separated by 5° each. (b) Three angle
multiplexed holograms separated by 2° each.

The method in which we determine the amount of noise in a hologram is shown in
Figure 1.10. The reconstructed hologram is viewed by a CCD detector array placed at the
image plane. The active area of our CCD array (.65 mm x .48 mm) is much smaller than
the aperture of the reconstructed hologram. Therefore, in order to get a fair
representation of the quality of a hologram, the CCD array was physically moved to
capture an image from the left, center, and right sides of the reconstructed hologram. The
reported SNR of a hologram is usually the average SNR of the three images. From the
approximately 140 x 100 data mask pixels captured within the CCD array aperture, a

smaller image of 300 x 300 CCD pixels (about 65 x 65 data mask pixels) is sent to a
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computer program for analysis. Because the pixel pitch of the data mask is 45 umand the
pixel pitch of the CCD array is approximately 10 pum. each data mask pixel Is over-
sampled during readout. In order to get the true intensity values of the data mask pixels. a
grid with the correct spacing is overlaid on the image and the intensity values of the CCD
pixels within each grid box is integrated to produce the data mask pixel value. The
computer program first expands the image by 2X to generate an image with 600 x 600
CCD pixels so that a grid can be more casily ﬁlaced. This also allows the user to specify a
margin in which the edges of the grid box will not be integrated. In the un-cxpanded
image. each data mask pixel is sampled by 20.5 CCD pixels on the average. and the
program produces an estimate for the intensity of an data mask pixel by integrating only
9.5 CCD pixel values (on the average, at the center of the grid). Therefore. on the
average, 11 CCD pixels are discarded as edge pixels. The computer program has a priori
knowledge of wﬁich data pixels are supposed to be 'on’ and 'off. This allows the program
to compute the SNR, generate a histogram of the data mask pixels, and determine the bit-
error-rate (BER) given a threshold value. The program can also 'auto-jiggle' the overlaid
grid by a few CCD pixels to obtain the best SNR value possible.

After determining the necessary angular separation, sets of eight angularly
multiplexed holograms (2.5° separation) were recorded at each of the four peristrophic
positions (45° in rotation), for a total of 32 holograms stored. The overall surface density
was 32 holoérarﬁs x 0.33 bits/um’ or 10.6 bits/um’. The exposure time per hologram
varied from 2 to 4 seconds and the exposure schedule was obtained iteratively through
trail-and-error. We did not use the method discussed in a previous experiment to compute

the exposure schedule since only 32 holograms were required in this experiment. Figure




1.11 shows the diffracted powers of the 32 holograms. The average diffraction efficiency

of the stored holograms was approximately 3.5x 107,
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Figure 1.10 : Block diagram of how the stored data is read out and analyzed.
The left, center, and right sides of the data mask imaged 'through the system
without any holograms can be compared with the reconstructions of some of the stored

holograms in Figure 1.12. Visually, the quality of the stored holograms were fairly good

and no bit-errors were found in the sampled holograms.
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Figure 1.11 : Diffracted powers of the & angle multiplexed holograms at cach of the 4
peristrophic positions.

The most challeaging aspect of the high-density experiment proved to be the
suppression of noise in the system in order to achieve acceptable levels of SNR and
probability of error. The results <hown in Figure 1.11 and 1.12 were achieved only after
many iterations of fine tuning the setup. The way we achieved high density was by
increasing the angular bandwidth of the signal and reference arms. The noise level goces
up as the angular bandwidth increases for the majority of noise sources, while the signal
level does not. Consequently, the SNR starts to decrease as we attempt to achieve highcr

surface density and it becomes necessary to track carefully each of the noise sources and

“to optimize the system in order to minimize their effect. Through this process we were

able to demonstrate a surface density of 10 bits/um’ without any errors detected among

the bits that were tested.
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Figure 1.12 : The left, center, and right sides of the data mask and the reconstructions

from some of the 32 stored holograms.
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We can divide the noise sources into two categories: system noise and hologram

noise. Lens aberrations, data mask imperfections. detector noise, scattering. and multiple
reflections from lenses and other optical components, laser non-uniformity and
fluctuations, and data mask-to-CCD pixel misalignment are examples of system noise.
The rest of the noise arises from the hologram itself. Specifically, the hologram can
introduce inter-page cross-talk, inter-pixel cross-talk, scattering from the recording
material, multiple reflections in the medium. non-uniform diffraction etficiency in the
recorded holograms. distortions that are due to surface imperfections. blurring that 1s due
to limited spatial resolution of the material. and material shrinkage. We can separately
determine the system noise level by simply imaging a page of data onto the CCD array
without any recording material and measure the SNR of the detected image.  After
minimizing the system noise, we then followed a step-by-step procedure to identify the
various sources of hologram noise.

The SNR obtained from various experimental conditions are plotted in Figure
1.13. The first measurement is SNR = 10, which is due to system noise only. W¢
obtained this by transmitting the signal beam through the system without any recording
material. The hisfograms of the 'on’ and 'off pixels were well separated and no errors
were observed. Next, a glass substrate on which the photopolymer is usually laminated
was placed at the recording plane of the system. The SNR dropped to 9 because of the
parallel plate interference effect and the slight abf;rrations caused by the substrate. When
we introduced a piece of UV-cured photopolymer laminated on a glass substrate at the
place where the holograms are normally located, the SNR dropped from the upper limit of |

9 to approximately 7. The major cause of this drop in SNR is most likely due to internal
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reflections within the film and the glass substrate (parallel plate interference effect) and

possibly scattering.  The interference fringes could perhaps be eliminated with

antireflection coatings applied to both the glass and the photopolymer.
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Figure 1.13 : SNR characterization for the high density setup.

A SNR of approximately 4.5 was obtained when a single hologram was recorded

and its reconstruction evaluated. The histogram of the ‘on’ and 'off pixels were still clearly

separated and no errors were observed. This shows that the resolution of the

photopolymer is sufficient to record high density holograms with clarity. The reason the

SNR dropped from 7 to 4.5 for one hologram is strongly connected to the internal

reflections from the boundaries. As stated above, the signal beam creates an interference

pattern (fringes) when it passes through the film and the glass substrate. This is also true

for the reference beam when it is brought in to record a hologram. Furthermore, when the

reference beam is used to reconstruct the stored holograms, it also creates an interference
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pattern that can be seen with the naked eye on the film. Therefore. the reconstruction

suffers from the fringes that are in the reference beam twice. Other effects such as the
fidelity of the recording material also plays a role in degrading the SNR.

When compared to the SNR of a single hologram, the average SNR of three
peristrophically multiplexed holograms (60°'separation) remainéd at ~4.5. This indicates
two things: peristrophic multiplexing does not introduce cross talk (as expected). and the
superposition of three holograms does not éigniﬁcantly deteriorate the quality of cach
hologram. The average SNR of three angle-multiplexed holograms (5" separation)
dropped to ~4. This is a clear indication of cross-talk noise in the angle holograms. The
SNR dropped further to ~3.2 for angle holograms separated by 2". With a S\NR ot only
3.2, the histograms of the 'on' and ‘off pixels almost overlapped. but no crrors were
observed. The final SNR for the 10 bits/um’ experiment is 3.5 with an angular separation

-2

of 2.5° beﬁ\'een angle holograms.

In the course of the experiment, we discovered that the strength of the holograms
is strongly related to the SNR. If the initial holograms are very strong, then the later
holograms will suffer from the index modulation of the previously stored holograms. This
effect can be observed by imaging the data mask though the spot where strong holograms
have been stored. The image of the data mask gets blurred and the ‘off' pixels get filled
with some of the 'on' pixels' energy. This means that any subsequent holograms recorded
at that spot v;fould have poor SNR. On the other hand, the holograms cannot be recorded
too weakly neither. For the high density setup, the hologram area is about 1.77 mm’” and
the final reconstruction at the detector plane has an area of about 12 cm’. There is nearly

a 700X increase in area from the hologram to the detector plane. This means the intensity
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of the reconstructed hologram would decrease by the same amount at the detector plane.
In order to have good SNR, a sufficient number of photons must strike the detector array.

For the 10 bits/um” experiment where 32 holograms were stored, the diffraction etficiency

of each hologram was approximately 1 = 3.5x10". This hologram strength was chosen
through trail-and-error to avoid excessive index modulation of later holograms and to
have sufficient diffracted power to achieve a good SNR. With the experimentally measure
M/# of 6.5 for the HRF-150-100 photopolymer. the diffraction efficiency per hologram
should have been around 4x 10 for cach of the 32 hologranis. However, we did not use
the entire dynamic range of the photopolymer for this experiment since that would have
caused index modulation problems. Instcad. we used only approximately 30° of the
dynamic range of the material, which effectively reduced the M/# to 1/3" of its original
value.

For the high density experiment. we also determined that with a proper setup.
photopolymer scattering is not a big factor in hologram SNR. A proper setup means: (1)
the aperture of the reference beam is closed down to the minimum size required so the
energy from material scattering does not over-power the reconstruction. (2) The reference
beam angle is large enough so the scattering cone have very little energy in the signal
beamn direction. In the high density setup, we used a 4-f system plus an iris in the
reference arm to control the aperture of the reference beam. This allowed us to illummnate
only the area of the photopolymer that had holograms stéred. To reduce the amount ‘of
scattered energy that gets collected by the signal beam lenses, the reference beam angle -
was made bigger than the signal beam angle by 10° in our setup.  The diffraction

efficiency of each hologram was approximately 3.5x10° whereas the equivalent
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diffraction efficiency of the light scattered from the photopolymer when it is illuminated by

? the reference beam is only 3x 107, Therefore. scattering is a negligible contributor to the

|

} overall noise level for the 10 bits/um’ experiment.

|

‘ Even with all the noise sources discussed above, the nine sampled reconstructions
from the 32 holograms stored (Figure 1.12) had no detectable errors. The combined
histogram from the nine different sampled windows is shown in Figure 1.14. We obtained
an estimate for the probability of error by fitting a first-order %~ distribution to the
histogram of Figure 1.14.  The estmated probability of error from this model s

approximately 10™. in the same range as compact discs ( 10 1o 10™).
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Figure 1.14 : Combined histogram obtained from nine different sampled windows for the
10 bits/um’ experiment using angle and peristrophic multiplexing.
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1.3 Holographic 3-D Disks Using Shift Multiplexing

1.3.1 Introduction

In the previous experiment (Chapter 1.2). we demonstrated a storage density of 10
bits/um’ using the 100 micron thick DuPont photopolymer. This was achieved by utilizing
a combination of peristrophic and angle multiplexing to store 32 overlapping holograms in
one area. Each hologram contained approximately 590,000 pixels (bits) for a total of 2.25
MBytes stored in an area of 1.77 mm°. The raw estimated bit-error-rate (BER) of the
system, determined from reconstructed holograms. was around 107,

_ The above experiment is important for several reasons. First. it shows that a
storage density of approximately ten times higher than the compact disc can be achieved
holographically. using a recording material that is only 100 micron thick. The projected
storage density of that system, using a 1 mm thick recording material. is around 100
bits/um’. Second, it shows that high resolution holograms can be recorded in the DuPont
photopolymer with sufficient signal-to-noise ratio for commercial applications. With two-
dimensional error correction codes. the BER can be reduced to the industry standard. with
overheads similar to CDs.

In this section, we discuss a new 10 bits/um’ experiment that builds upon the
previous experiment. A novel multiplexing method called shift multiplexing, is used to
record hologramé in a holographic 3-D disk. The disk architecture is interesting to us
because most of today's randomly accessed mass storage devices are based on the disk
architecture. The compact disc alone has revolutionized the way information is stored and
distributed. Its low cost per megabyte, high storage capacity, and removability makes 1t

ideal for mass distribution. In this section, we will show a holographic 3-D disk system
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that is very similar to the compact disc in most respects. However. our holographic

system offers higher storage density and potentially greater data transfer rate than

conventional disk based storage devices.

1.3.2 Holographic 3-D disks

There are several formats in which holograms can be stored on a disk. Stacks of
holograms can be stored in non-overlapping arcas on the disk as shown in Figure 1.15. In
cach stack. a number of holograms are multiplexed by using angle. peristrophic.
wavelength, and other multiplexing methods to increase the surface density. To increase
the storage capacity of the disk. stacks of holograms are then spatially multiplexed on non-
overlapping areas on the disk. This is the most natural method of storing holograms on a
* disk using conventional multiplexing techniques. During readout, the disk is first rotated
to the correct stack and then a reference beam of the proper angle or wavelength is
introduced to reconstructed the desired holégram To accomplish this, a complicated

reference beam delivery system or a wavelength tunable laser is required.

Format I : Conventional
Stack of Holograms

Figure 1.15 : Format in which holograms can be stored in a holographic 3-D disk using
conventional multiplexing methods.
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For example, Figufe 1.16 shows the schematic diagram of a disk system using
angle and peristrophic multiplexing. The signal beam is on axis and the reference beam is
off axis (with respect to the disk's surface normal). The angle of the reference beam is
changed to achieve angle multiplexing while the rotation of the reference beam around the
signal beam gives peristrophic multiplexing. The disk motion provides access to different
spatial locations for storage and the entire signal and reference beam assembly can be
moved radially to access more locations. Using this setup, we can pretty much repeat the
same high density experiment of Chapter 1.2 at many locations on the disk. The only

problem is how to deliver the reference beam in the angles shown in Figure 1.16.
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Figure 1.16 : Schematic diagram of a holographic 3-D disk system using peristrophic and
angle multiplexing.
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Furthermore, holograms stored in this stack format is unnatural when compared to

the compact disc. It is highly desirable in the disk architecture, to store holograms
sequeﬁtially in a spiral fashion. from the inner radius to the outer. Likewise. the reference
beam system should be as simple and practical as possible. To accomplish these two
goals, we use a new multiplexing method called shift multiplexing in our holographic 3-D
disk system. Shift multiplexing allows holograms to be stored sequentially in partially
overlapping areas as shown in Figure 1.17. The spiral‘tracks can also be overlapped to
further increase the surface densitv. With shift multiplexing. holograms arc recorded with
a multiple planewaves reference heam or a spherical reference beam. When a hologram
recorded with a multiple planewnves reference beam is shifted. reconstructions from the
multiple planewaves will add Jdestructively and constructively in a periodic cyvele.
Overlapping holograms can be <tored at the nulls of the periodic function. When a
hologram recorIed with a spher.al reference beam is shifted slightly, the wavetront the
hologram experiences becomes different from the wavefront used to record it. Therefore.
the hologram will simply Bragg mis-match (if shifted parallel to the plane of interaction) or
the reconstruction will deflect at a different angle and miss the detector (if shifted
perpendicular to the plane of interaction). Hence, instead of using several different
reference beam angles or wavelengths to multiplex holograms in a stack, a single fixed
reference beam can be used to record partially overlapping holograms in a spiral track.
During readdut, 'tl.le disk is spun and sequential holograms will become Bragg matched
and be readout by the fixed reference ‘beam, much like the pits on .the compact disc.
However, with our holographic system, instead of reading out one bit at a time as the disk

rotates, an entire page of a hologram can be read out at a much higher data transfer rate.
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Furthermore, since holograms overlap in area. the surface density is increased. The theory

behind shift multiplexing is discussed in the next section.

FormatII : Shift R .
Partially Overlapping Holograms

(b)

Figure 1.17 : Format in which holograms can be stored in a holographic 3-D disk using
shift multiplexing.

1.3.3 Shift Multiplexing
1.3.3.1 Multiple Plancwaves Reference Beam

In all the experiments shown previously in this thesis, the holograms were recorded
by interfering the signal with a planewave reference beam. By changing the angle of the
reference beam (either angularly or peristrophically), more holograms can be multiplexed
at the same location. For the holographic 3-D disk, we would like to store holograms
sequentially by slightly shifting the recording matérial between holograms: This slight
displacement must somehow get rid of the reconstructions from the previously stored
holograms, so that another hologram could be stored without too much cross-talk. Fér a
hologram recorded with a single planewave reference beam, shifting the recording material-
during reconstruction slowly decreases the hologram's diffracted power. This is because

part of the hologram's area moves out of the reference beam's illumination (Figure 1.18).
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The amount of shift required for the hologram's diffracted power to reach zero is the

width of the hologram. x. This means that in order to store another hologram. we would
have to shift to a new location on the recording material. Therefore. when using a single

planewave reference beam, no more than one hologram can be stored at a location by

shifting the recording material.
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Figure 1.18 : Shift multiplexing using a single planewave reference beam.

What if instead of recording with only one planewave reference beam. a hologram
was recorded by interfering the signal with multiple planewaves simultancously”? In that
case, each planewave will form a separate hologram with the signal beam. Initially. all the
reconstructions from the separate holograms will be in phase and add constructively.
However. if the recording material is shifted during reconstruction. the phases of the
holograms will start to differ and with sufficient shift, the holograms . will completely
destructively interfere and a null in diffracted power appears (Figure 1.19). The
reconstruction's diffracted power is periodic because at some point in shift, the holograms
'Will again add constructively. However, the diffracted power will not be as strong as at

the zero shift position because some of the hologram's area is outside the reference beam's

illumination.
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Figure 1.19 : Shift multiplexing using multiple planewaves.

The theory behind shift multiplexing using multiple planewaves is very simple.
Figure 1.20 (a) shows a diagram of multiple planewaves recording a hologram with the
signal beam. The angular separation between thé reference planewaves is 6 and they all
have the same intensity. Each planewave records a separate hologram with the signal
beam and all the holograms are in-phase when the recording material is not shitted. For
the reference beam that makes an angle of 8/2 with respect to the surface normal ot the
recording material (Figure 1.20 (b)). shifting the recording material during reconstruction

introduces a phase difference of :

27 s sin2y=L ¢ (1.9)
_ mnm(—)= .
7 272

where & is the shift distance, ¢ is the phase introduced, and 4 is the wavelength of the
laser. Since the reference planewaves are symmetric with respect to the surface normal of
the recording material, the sum of the phases for all the shifted holograms can be written

as :

_2£ sin ‘
sum of the phases =Ze ool (1.10)

6,

m




40

M -1
where 6, =(m—-—-2— ,form=0...., M- 1,and M is the total number of planewaves

in the reference arm. Eq. 1.10 can be simplified further to show the intensity of the

reconstructed signal as a function of recording material shift &

1(5)=[chos(27”5 sin(@m))] (1.11)

2]

Assuming the angle between the reference planewaves is small (8 ~ sin). the period of

Eq. I.111s:
5, = « (1.12)
O, = () . N
and the zeros of Eq. 1.11 within a single period are at

5,=——I. [=1,..... 11 (1.13)

o

reference
planewaves 5 /24\ .
signal - i
beam . ,
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Figure 1.20 : Multiple planewaves shift multiplexing setup. (a) The delivery of multiple
planewaves. (b) Phase introduced when shifted, for one planewave.
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According to Eq. 1.13, it is theoretically possible to record M partially overlapping

holograms within the period defined by Eq. 1.12. each separated by & = A M0O. After
recording the first hologram, there are M-1 nulls before the first hologram becomes bright
again. At each of the nulls, one additional hologram can be written, bring the total number
of holograms stored to M. To store more holograms, the material must be shifted until the
first hologram is completely out of the illumination of the reference beam. eliminating the

periodicity of the first hologram.

M., the number of pizmcwavcs in the reference arm determines how many
overlapping holograms could be stored in one period and 6. the angle between the
reference planewaves determines the period of the stored hologram. A large M allows
many holograms to be stored in a given area and a small 6 increases the period width. So
far. the thickness of the recording material. the signal beam angle with respect to the
recording material's surface normal. and the signal bandwidth have nothing to do with the
number of holograms that can be stored in a given volume. However, they must be
accounted for somehow or else we could break the V/A? density maximum by using a large
number of planewaves in the reference arm to store many high bandwidth holograms in a
very thin recording material. Figure 1.21 shows the x-sphere representation of a two
planewaves reference beam recording a hologram with a planewave signal beam. Each
planewave reference records a separate grating with the signal beam as shown in Figure
1.21 (a). Since the grating vectors can be read by either reference beams, the k-sphere
diagram during reconstruction looks like Figure 1.21 (b). Figure 1.21 (b) shows that two
'shost' signals get reconstructed along with the desired signal beam. If the angle between

the two planewaves reference is 6, then the angles the 'ghost' signals make with the desired
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signal is +0. The strength of the 'ghost' signals depends on the Bragg sclectivity since the

grating vectors for them are off the x-sphere. There are two ways to get rid of these
'shost' images. One is to select the correct angle between the reference planewaves so the
'shost' reconstructions are at the nulls of the Bragg selectivity. This can be achieved by
picking a minimum 6 ~ A/Ltan@,, where 4 is the wavelength, L is the thickness of the
recording material, and 6, is the angle of the signal beam with respect to the surface
normal of the recording material.  The second method is to filter the ‘ghost
reconstructions with a spatial filter placed somewhere before the detector. In this case.
the minimum angular separation between the reference planewaves for thin recording
materials is the bandwidth of the signal beam. Both methods restrict the minimum angular
separation between the reference plinewaves. This limits the number of reterence
planewaves that can be in the refergnce arm and therefore the number of shift holograms

—_

that could be stored in a setup.

(b)

Figure 1.21 . k-sphere representation of a hologram recorded with a two planewaves
reference beam. (a) Double grating formation during recording. (b) Reconstruction
showing 'ghost' images. :

To experimentally demonstrate shifting multiplexing with a multiple planewaves

reference, we constructed the setup shown in Figure 1.22. A multiple planewaves
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reference was generated by recording 20 regularly spaced planewave holograms in a piece
of HRF-150-38 photopolymer. The reference planewave* was fixed while the angle of the
signal planewave* was changed by 0.25" between holograms with a rotational stage and a
4-flens system. Th¢ diffraction efficiency of the 20 planewave holograms were equalized
by using a recording schedule generated with the iterative method shown in a previous
experiment. Once the holograms have been stored and the photopolymer properly cured,
illumination with the fixed reference planewave* reconstructs all 20 planewave holograms
simultaneously. The second 4-f system re-images the fan of 20 plancwaves onto another
piece of HRF-150-38 photopolymer as the multiple planewaves reference beam.  The
second photopolymer was mounted on a linear translation stage so the ditfracted power
from the stored holograms could be measured as a function of material displacement.
Another signal planewave was bought in to record a hologram in the photopolymer with
the multiple planewaves reference. For this experiment, the angular separation of 0.25"
was much smailer than the Bragg selectivity of the 38 micron thick photopolymer.
Therefore, a spatial filter was placed at the Fourier plane of the third 4-/ system to block
the 'ghost’ images. A power detector was placed at the image plane of the third 4-f system
to measure the diffracted power of the reconstructed hologram.

Figure 1.23 shows the diffracted power of a planewave hologram recorded using
the setup shown in Figure 1.22 as the photopolymer was shifted. The diffracted power as
a function of material shift is a periodic function modulated by tile width of the holo gra;n‘
Shifting the hologram moves some of the hologram's area out of illumination and .

therefore, the intensity of the periodic function falls off as the material is shifted further

away from the center. The blow-up of the center portion of Figure 1.23 is shown in
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Figure 1.24, along with the theoretical prediction according to Eq. 1.1 The

experimentally obtained period of 115 pm and a null spacing of 5.75 pm match closely

with the theoretical prediction of ¢»= 112 um and o, = 5.6 um. The slight discrepancy is

caused by the 8 ~ sinf approximation used in the theoretical prediction.
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,,// . . \\‘*.
yd mirror reference
g plancwaves
/ 1oy
4 \/J_ e e
\» N '\\/r. - . . - .
> " v » w £
mirror on J-fsvstem photapolymer 4-f system
rotational
stage

Figure 1.22 : The setup used to experimentally demonstrate
multiple planewaves reference beam.
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Figure 1.23 : The diffracted power as a function of material shift for a planewave

hologram recorded with a 20 planewaves reference arm.
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Figure 1.24 : Blow-up of the center portion of Figure 1.23 and the theoretical intensity
curve according to Eq. 1.11.

Figure 1.25 shows the diffracted power a 100 x 100 random bit pattern image
plane hologram recorded and measured with the same setup. The period and the null
spacing remained the same but the nulls are less distinguishable due to the increased signal
beam bandwidth. As with angle multiplexing, the nulls rarely have zero diffracted power
in an actual experiment. In order to reduce cross-talk noise, angle multiplexed holograms
are usually stored several nulls away from one another. Figure 1.26 shows three
holograms shift multiplexed within one period. Holograms #2 and #3 were multiplexed
within a single period of Hologram #1, with comfortable separations. Each hologram
have its own array function which decays with material displacement. The quality of the
reconstructed holograms were very good with no noticeable cross-talk noise. However
from Figure 1.26 it is clear that even though we used 20 planewaves in the reference arm,

fewer than 20 holograms could be stored within the same period with acceptable SNR.
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Figure 1.25 : The diffracted power as a function of material shift for a 100 x 100 random
bit pattern image plane hologram recorded w ith a 20 planewaves reference arm.
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Figure 1.26 : The diffracted power of three random bit pattern image plane holograms
recorded with a 20 planewaves reference beam as a function of material shift.

According to Eq. 1.12 and 1.13, by decreasing 6 and increasing M, it is

theoretically possible to store holograms that are very sharp (null spacing is very small)
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and have no periodicity (the period is larger than the width of the hologram). To

demonstrate this effect, we replaced the photopolymer that generated the multiple
planewaves with an etched glass plate. The glass plate was patterned with random on and
off lines with a pitch of 5 um and then etched to roughly 4/2 in depth. When illuminated
on axis, the etched glass plate produced a continuous fan of planewaves in the direction
that is perpendicular to the etched lines. The second 4-f system in the setup shown in
Figure 1.22 re-images the continuous fan of planewaves onto the recording material as the
multiple planewaves reference beam. Figure 1.27 shows the diffracted power as a
function of material shift for a planewave hologram recorded with a continuous tan of
planewaves. The null spacing became much closer together and the periodicity of the
hologram was destroyed. However. since the angular separation between the reference
planewaves was very small, there was no way to filter all the 'ghost’ reconstructions with
the spatial filter at the Fourier plane of the third 4-f system. Therefore the noise floor is
much higher. This means that even though the holograms can be multiplexed closer
together using the continuous fan of planewaves, the increase in noise will limit the
maximum number of holograms that could be stored in one area.

So far we have only talked about generating a fan of planewaves in one-dimension
to store shift multiplexed hologram. The direction of shift is the same as the spread of the
planewaves. We could also generate a 2-D fan of planewaves to store shift multiplexed
holograms in two orthogonal directions. This further increases the number of hologréms

that could be stored in one area, which translates into an increase in surface density and

storage capacity.
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Figure 1.27 : The diffracted power as a function of material shift for a hologram recorded
with a continuous fan of planewaves.

1.3.3.2 Spherical Reference Beam

=z

In the previous section, when the angular separation between the planewaves was
decreased and the number of planewaves was increased (in the reference arm). the one-
dimensional multiple planewaves reference beam looked a lot like a cylindrical beam.
Perhaps we could use a cylindrical lens to generate a continuous fan of planewaves for
shift multiplexing. However, a cylindrical lens when used as shown in Figure 1.28 does
not actually produce a fan of planewaves, but a fan of rays. These rays are spatially
separated and they converge to a line at the focal plane and then diverge again. When a
hologram is 'recc')rded with the setup shown in Figure 1.28, the diffracted power still
decreases rapidly as the recording material is shifted parailel to the faﬁ of rays, but the

mechanism is different when compared to holograms recorded with a fan of planewaves.
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Figure 1.28 : Using a cylindrical lens to produce a fan of rays for shift multiplexing.
Figure 1.29 (a) shows a cylindrical reference beam Irccording a hologram with a
planewave signal beam in the y-= plane of Figure 1.28. During grating formation. the
hologram is formed with the rays in the reference beam as shown in Figure 1.29 (a). If'the
recording material is shifted during reconstruction (Figure 1.29 (b)). the angle of the rays
the hologram now experiences is different from the rays used to record it. Therefore. the

hologram will Bragg-mismatch very similar to the angle multiplexing effect.
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Figure 1.29 : Cylindrical reference beam shift multiplexing mechanism. (a) A cylindrical
reference beam recording a hologram. (b) Shifting the recording material during
reconstruction. ’

For thin recording materials such as DuPont's photopolymers, the amount of shift

required to reach a null in the Bragg condition can be computed easily. For the setup
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shown in Figure 1.29 (a). the center ray of the cvlindrical reference beam is on-axis and

the signal beam is off-axis by 6.. both measured with respect to the surface normal of the
recording material. The focal plane of the cylindrical beam is Z, away from the recording
material and the recording material has a thickness of L. For the hologram formed
between the on-axis reference ray and the off-axis signal beam, the amount of angular
change introduced by shifting the recording material a distance & is A8 ~ Z.8. According
to Bragg theory. the amount of angular change required to reach the first null is given by

Eq. 1.7. For the case where 6. = 0", Eq. 1.7 can be simplified to :

A
A = ——— (114
Ltan 0,

By equating the angular change to the angular selectivity. a shift distance of Oy =
AZ./Ltand, is required to reach the first null. Asa fudge factor to prevent ¢ from going to
zero when the cylindrical reference beam is focused on the recording material (Z., = 0). w¢
need to model the finite numerical aperture (NA) of the cylindrical reference lens. The
finite numerical aperture broadens the selectivity curve by an additional &y = 2 2(NA).
For most setups. Sxa is extremely small when compared to Samge-  Lhe final equation tor
the amount of shift required to reach the first null of the Bragg condition for a hologram
recorded between the on-axis reference ray and a planewave signal with an angle of 0. 1s :

AZ, A

+ 1.15
Ltan8, 2NA (1.15)

8 =050 T Ona

Bragg

n

Eq. 1.15 only predicts the null spacing of the grating recorded between the on-axis
reference ray and a planewave signal with an angle of 6, In order to get the selectivity

function for the entire hologram, it is necessary to compute the diffraction pattern for all
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the gratings produced by the different rays in the reference beam and then sum them
together. This is demonstrated later for a special recording geometry (Chapter 1.3.3.3).
Nevertheless. Eq. 1.15 tells us how the shift selectivity function J. depends on A, Z,. 0.
and L. As with angle multiplexing, shorter wavelengths, thicker recording materials. and
larger angles between the signal and reference beams improve the selectivity function.
The extra parameter, Z,, determines the rate of angular change as a function of material
shift. A small Z, causes the ray angle to change rapidly and theretore. improves the
selectivity. The minimum Z, that can be used in a setup depends on the spot size of the
signal beam on the recording material and the NA of the cylindrical reference beam. The
focal plane of the cylindrical reference beam must be placed far enough from the recording
material so that the entire signal beam spot is covered by reference illumination during
recording. There was no such restriction with the multiple planewaves reference beam
setuf) shown in Chapter 1.3.3.1. The aperture of the multiple planewaves reference beam
at the recording material is the <ame as the aperture of the diffractive element that
generated the multiple plénewavm. The minimization of Z, becomes tougher for thicker
recording materials because the signal beam defocus inside the material and causes the
entrance spot size to be different from the exit spot size. For best quality holograms. 7,
should be chosen to be large enough to cover both the entrance and exit signal spots. So
for thick recording materials, there is some cross relationship between Z,and L. For the
thin photopolymers, we can assume Z, and L to be independent.

There are other differences between using a fan of planewaves and a fan of rays to
record shift multiplexed holograms. For holograms recorded with a cylindrical reference ‘

beam, the holograms have no periodicity as the recording material is shifted and there are
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no 'ghost' images. This is because each ray of the cylindrical reference beam illuminates a
separate, infinitely small portion of the entire hologram. Each grating vector on the k-
sphere is illuminated by only one reference ray at a time. Therefore. there 1s no
constructive and destructive periodicity and no 'ghost' images.

To further increase the number of holograms stored in a given area, we would also
like to shift multiplex in directions other than just parallel to the fan of rays. For example,
shift multiplex by moving the recording material in the direction that is orthogonal to the
fan of rays. However for a cylindrical reference beam. the holograms ¢xperience no
change in the ray angles when shifted orthogonally to the fan of rays. Theretore. the
holograms would have to be shified completely out of the reference illumination tor the
reconstruction to disappear. To introduce a fan of rays in the orthogonal direction, we
could use another cylindrical lens to focus the rays in the x-direction but why stop there?
Why not introduce a fan of rays in every direction so we could shift in any direction and
get some selectivity. A fan of rays in all directions- can be generated by using a single
spherical lens. Figure 1.30 shows a shift multiplexing setup using a spherical reference
lens. Later in Chapters 1.4 and 1.5, we will use a spherical reference beam to record many
high density holograms in the same volume.

When the recording material is shifted parallel to the plane of interaction (y-z
plane) for a hologram recbrded with a spherical reference beam, the response of the stored
holograms is exactly the same as the analysis we did for the éylindrical beam setup. How
about when the recording material is shifted perpendicular to the plane of. interaction?
Figure 1.31 (a) shows a spherical reference bearri recording a hologram with a planewave

signal beam in the x-z plane of Figure 1.30. The solid lines inside the hologram volume
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represent the grating and the dotted lines represent the signal planewave. The focal point

of the spherical reference beam is Z, away from the recording material. Figure 1.31 (b)
shows the recording material shifted along the x-axis. When shifting orthogonal to the
plane of interaction, the holograms are much harder to Bragg-mismatch compared to
shifting parallel to the plane of interaction. Similar to peristrophic multiplexing, the initial
tendency of the shifted hologram (along x) is to reconstruct at a different angle.

Therefore, we call the orthogonal direction the Bragg degenerate direction.
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Figure 1.30 : Shift multiplexing setup using a spherical reference beam.
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Figure 1.31 : Spherical reference beam shift multiplexing mechanism in the Bragg
degenerate direction. (a) A spherical reference beam recording a hologram with a
planewave signal beam. (b) Shifting the recording material in the degenerate direction
during reconstruction.




54

Figure 1.32 shows the w-sphere representation of shift multiplexing using a
spherical reference beam. In Figure 1.32 (a). the 2-D fan of rays in the spherical reference
beam is represented by a circular patch on .the x-sphere. Each ray on the patch records a
separate grating with the planewave signal beam. One such grating is shown in Figure
1.32 for the on-axis reference ray. If the recording material is ghiﬂed orthogonal to the
plane of interaction, all the recorded gratings move and some get illuminated by rays with
different angles and some move out of the rct‘ércnce beam's illumination. However instead
of shifting the gratings along the y-axis. which would have immediately caused some
Bragg-mismatch (the tip of the grating vectors would either poke through or dive below
the x-sphere). the gratings are moved along the x-axis. For a wide-range of orthogonal
shifts, the grating vectors that have no x-components remain relatively on the s-sphere
(for example, the grating vector shown in Figure 1.32). To see this, you have to imagine
Figure 1.32 (b) as half of a sphere sticking out of the page and see the movement of the
gratings on the sphere as they are shifted along the x-axis. For the grating vectors with
some x-components, they reside below the apex of the sphere. Therefore. when shitted
orthogonally. they either initially lift off or dive below the x-sphere and Bragg-mismatch
quickly. In experiments, what is usually seen at the detector plane as the recording
material is shifted orthogonally is a strip of Bragg-matched gratings that moves up or
down until the reconstruction is out of the field of view of the detector.

In order .to store another holograrﬁ in the orthogonal direction, the existing
hologranﬁ.must be shifted enough so that either: (1) the grating vectors that have no x-
components are shifted completely out of the illumination of the reference beam; (2) the

change in the hologram's reconstruction angle is sufficient for filtering, like peristrophic
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multiplexing; (3) the reconstructions from the grating vectors that have no x-components

are shifted off of the detector array. For the first case, the amount of» orthogonal shift
required is usually half the hologram height. if the reference spot size is the same as the
signal spot size on the recording material. For the second case, the amount of orthogonal
shift required to move the entire reconstruction out of the detector array's aperture is o ~
27, tan’ (1/2f14), where Z, is the distance from the focal point of the spherical reference
beam to the recording material and /# is the distance between the detector array and the
recording material divided by the aperture of the detector array. if free space propagation.
If lenses are used in the signal arm. then /'# is defined as the focal length of the imaging
lens divided by the aperture of the detector array. For the last case. the amount of
orthogonal shift required to shift just the reconstructions from the grating vectors that
have no x-components off of the detector array is 6 = Ztan' (1/2f#) (half the hologram
height if the signal and reference beams have the same bandwidth and overlap exactly).
The last case is the most common since we usually only need to shift the strip of Bragg

match reconstructions off the detector array in order to store another hologram.

(b)

Figure 1.32 : k-sphere representation of shift multiplexing using a spherical reference
beam. (a) Recording a hologram between a planewave signal beam and a spherical
reference beam. (b) Shifting in the degenerate direction during reconstruction.
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In the high density experiment shown in Chapter 1.2, we were able to read only a
portion of the reconstructed hologram at a time due to photopolymer shrinkage. Different
portions of the hologram can be obtained by slightly de-tuning the angle of the reference
beam. For a hologram recorded with a spherical reference beam. it is not clear how one
would re-Bragg match a shrunken hologram. In the next chapter we discuss an off axis
recording geometry, using a spherical reference beam, that eliminates the effect of
photopolymer shrinkage on hologram reconstruction. We will continue our analysis of

spherical reference beam shift multiplexing for this special geometry there.

1.3.3.3 Shrinkage Insensitive Recording Geometry

For the high density holegrams recorded with a planewave reference beam shown
in Chapter 1.2, portions of the recorded gratings would lift-off or dive below the x-sphere
due to shrinkage. These Bragg-mismatched portions can be brought back on the x-sphere
by changing the reference beam angle slightly during reconstruction. However. the
reconstruction angle of the re-Bragg-matched portion is different when compared to the
original signal direction and only a portion of the entire hologram can be Bragg-matched
at a time. [t might be possible to use a slightly cylindrical reference beam to re-Bragg-
match the entire hologram at the same time. However, the reconstructed image would
still be a little bit compressed.

For a high density hologram recorded with a spherical reference beam using the
setup shown in Figure 1.30, to re-Bragg-match a portion of the shrunken hologram, we
need to both shift the recording material and move the focus of the reference beam lens.

Shifting the recording material brings some grating vectors back on the k-sphere.
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-. However, this changes the distance between the grating vectors and the focal point of the
. spherical reference beam. In order to satisfy the imaging condition of the stored gratings.
we need to move the focal point of the spherical reference until the Bragg-matched

gratings have the correct displacement from the focal point. Just like before. only a
portion of the entire hologram can be Bragg-matched at a time and the reconstructed |

portion deflects at a slightly different angle when compared to the original signal beam.

Instead of trying to re-Bragg-match the shrunken gratings during reconstruction. is

there a way to prevent the gratings from shrinking in the first place? Specitically. can we

use the ray nature of the spherical reference beam to record shrinkage msensitive
hologram? In Chapter 1.2.3 we stated that for gratings recorded with symmetric rays

(with respect to the recording material's surface normal), shrinkage has no cftect on its

Bragg condition. Figure 1.33 (a) shows a planewave reference beam intertering with a

high bandwidth signal beam to produce a high density hologram (neglecting Snell’s law).

The angle of the reference beam is symmetric with the center ray of the signal beam.
Therefore, that portion of the hologram will remain Bragg matched after shrinkage. This

is shown in the k-sphere diagram of Figure 1.33 (b).
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Figure 1.33 : A planewave reference beam recording a hologram with a high bandwidth
signal beam. (a) The recording geometry. (b) The k-sphere diagram after shrinkage.
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However, the planewave reference beam has only one incident angle so it cannot
record symmetric holograms with all the rays in the signal beam. This is where the
spherical reference beam comes in. Figure 1.34 (a) shows a spherical reference beam
recording a hologram with a high bandwidth signal beam. Thé focal point of the signal
beam is in front of the recording material and the focal point of the spherical reference
beam is behind. The lenses that ﬁroduce the cone of rays for the signal and reference arms
have the same f/#. When the rays are positioned properly as shown, the entire hologram is
formed by symmetric rays. More specifically. a pair of symmetric signal and reference
rays form a single grating at a localized area. This is repeated through out the entire
hologram. Since the gratings have no z-components, photopolymer shrinkage has no
effect on their Bragg conditions. This is shown in the x-sphere diagram of Figure 1.34 (b)

for three grating vectors.
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Figure 1.34 : A spherical reference beam .recording a hologram with a high bandwidth
signal beam in the shrinkage insensitive geometry. (a) The rays of the signal and reference
beams in the setup. (b) The k-sphere diagram after shrinkage.

To demonstrate that this shrinkage insensitive geometry actually works, we used

basically the same high density setup as shown in Chapter 1.2. A piece of photopolymer is
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placed slightly after the focal point of the signal beam. To show the Bragg-mismatch

effect induced by photopolymer shrinkage, we first use a planewave to write a hologram

with the high bandwidth signal beam (Figure 1.35 (a)). The center ray of the signal beam

and the reference planewave have an incident angle of + 30° (outside angle) with respect

to the surface normal of the photopolymer. The reconstructed hologram is viewed by a

CCD detector placed at the detector plane of the Nikon lenses. Figure 1.35 (b) shows the

shrinkage insensitive recording geometry. Instead of using a planewave to record the

hologram, a spherical reference beam is generated by a f/1.4 CCD camera lens. The rays

are positioned so that the signal beam spot on the photopolymer is covered by the

reference beam spot and the center ray of the signal and reference beams overlap

symmetrically with respect to the photopolymer’s surface normal (at + 30M).
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Figure 1.35 : Setups used to demonstrate the effects of photopolymer shrinkage. (a) High
density setup using a planewave reference beam. (b) High density setup in the shrinkage

insensitive geometry.
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Figure 1.36 shows the resulting reconstructions and an image of the original data
mask for comparison. Since the CCD array we used is much smaller than the entire
aperture of the Nikon camera lens. we physically moved the detector array across the
aperture to get the images shbwn in Figure 1.36. The ‘original image' is the data mask
imaged through the system without any recording material. The second image is the
reconstruction of a hologram recorded with a planewave reference beam. using the setup
shown in Figure 1.35 (a). Nearly half of the reconstruction is dark duc to the shrinkage
induced Bragg-mismatch problem. The dark half can be re-Bragg-muatched by shightly
changing the reference beaAm angle in the y-z plane. but then the other half would go dark.
The last image shown in Figure 1.36 is the reconstruction of a hologram recorded with a
spherical reference beam in the shrinkage insensitive geometry (Figure 1.35 (b)). The
entire reconstruction is visible at the same time so there is no need for any re-Bragg-
matching. Furthermore, the reconstructed image is not distorted or compressed in any
direction since the gratings did not suffer any shrinkage effect. This shows that the
shrinkage insensitive geometry works and we will apply it to record shift multiplexed
holograms in the photopolymer based holographic 3-D disks later.

The shrinkage insensitive setup shown in Figure 1.35 (b) has the signal beam
focused in front of the recording material and the reference beam focused behind. Of
course the same prmcxples would still work the other way around. We choose to focus
the swnal beam in front of the recording material because that usually ylelds the best swnal
beam uniformity. For the reference beam, we purposely put a one-sided Gaussian profile

on the planewave before the reference lens to smooth its intensity on the photopolymer.
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We can compute the theoretical diffracted power as a function of hologram shift
for the shrinkage insensitive geometry. For shifting parallel to the interaction plane. this is
done by summing the diffracted power of cach grating according to the angular selectivity
function. The reconstruction intensity of a grating as a function of angular change in the

reference ray is defined as:

, ,

[ sinl@, +6,
‘I(A()):fsincf 7—1——(——-———)
| v

A

A6 1.16
cos 0, ( )

where sinc(x) = sin(zv) zv. L is the thickness of the recording material. 4 is the
wavelength, 6, (6.) is the angle of the reference ray (signal ray) with respect to the surface
normal of the recording material. and 6 is the angular change in the reference ray as the
recording matérial is shifted. Since the signal and reference rays are symmetric. Eqg. 1.16

cane be further simplified to:

1(A9)={sin{%-s—ic%(g—;jA9 (L.17)

where 6 is the angle between either the signal or the reference ray and the surface normal
of the recording material. Now we need to determine A@, the angular change in the
reference ray as a function of recording material shift. After recording a hologram using

the shift insensitive geometry, the same reference beam is brought back to reconstruct the

_hologram as shown in Figure 1.37. Snell's refraction is not shown in Figure 1.37 to

simplify the diagram (the three rays shown do not actually intersect at the same location if
refraction is taken into account). In Figure 1.37, 6 is the angle of the largest ray measured

with respect to the surface normal of the recording material, ¢ is the angle of the smallest
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ray measured with respect to the surface plane of the recording material. and 1 1s the spot

size of the spherical reference beam on the recording material.

reference beam

shift \ \ glass
e V!
40 Yonntmaves photopolymer
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Figure 1.37 : The angular change in the reference ray experienced by the shified gratings
for a spherical reference beam incident as shown.

Using simple trigonometry, the angular change for the grating recorded by a
reference ray with an angle 6" with respect to the surface normal of the recording material.
as the recording material is shifted from left to right is:

~c059'cos(9—¢)_A_y_ (1.18)
~ sing  cos® y B

AO

where Ay is the shift distance. Substituting Eq. 1.18 into Eq. 1.17, we get:

l

. . |
I(Ay)=|sin ésm( Jeos(0-6) ay (1.19)

A sing cosf y

Eq. 1.19 is the theoretical diffracted power as a function of recording material

shift, for the grating recorded by the reference ray with an angle of 8' with respect to the
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surface normal of the recording material. In order to get a complete picture of what is

going on with the entire hologram as the recording material is shifted, we need to integrate
the diffracted powers from all the gratings as a function of material shift.  For
computational purposes, this integration is usually broken down to a sum over a finite

number of reference ray angles, such as

I(Av) = X,(sm (L sm("B )cos o-¢ é_]

\

(1.20)

‘/. sin ¢ cos O v I

where 6'is in the range of 90™-¢ to 6.

Figure 1.38 shows the diffracted power as a function of hologram shift (in the
Bragg direction) for a high density hologram recorded using the same setup as Figure 1.35
(b). For this experiment, the f71.4 CCD camera lens was moved closer to the DuPont
HRF-150-100 photopolymer to project a larger reference beam spot size than the signal
beam. This was done to ensure the signal beam is completely covered by the reference
beam during recording (it will become more important later for the holographic 3-D disks
with tilts and wobbles). The diameter of the reference spot on the photopolymer was ~ 4
mm while the diameter of the signal spot was 1.5 mm. For comparison, the theoretical
diffracted power as a function of hologram shift for a hologram recorded with a reference
spot size of y = 1.5 mm, 0 =30.1° and ¢ = 96.5° (inside angles) is also plotted in Figure
1.38. By m\oving the reference beam lens closer to the photqpolymer to get a bigger spot
size, the focal point of the spherical reference beam becomes displaced further away from

the recording material. This increases the amount of material shift required to obtain the
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appropriate A9 for Bragg-mismatching. Theretore. the experimental selectivity curve is

much wider than the theoretical prediction.

—— Expernimentul
Theony

Diffracted Power (A.U.)
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Figure 1.38 : Diffracted power as a function of shift distance for a high density hologram
recorded with a f/1.4 reference beam lens.

Not only is the theoretical selectivity curve narrower than the experimental. it also
doesn't have any side lobes. This is because the nulls of the sinc function for each grating
does not occur at the same shift distance. Therefore, when the diffracted powers are
summed together, the nulls get filled. Eq. 1.20 assumes each ray in the reference beam
records similar strength holograms. In reality, since the reference beam is focused. the
gratings near the center of the hologram are usually stronger. This in effect narrows the
spectrum of reference rays that make real contributions to the diffracted power. When the
strength of each grating was weighted by a Gaussian profile in Eq. 1.20, the theorefical
diffracted power curve also had side lobes.

Notice the experimental selectivity curve of Figure 1.38 is asymmetric with respect

to zero shift distance. The first null occurs at 57 pm for positive shift and -65 pm for




————

66
negative shift. This is because the hologram wasn't recorded in the shrinkage insensitive

geometry. Since the f/1.4 CCD camera lens for the reference beam was moved closer to
the recording material, the reference rays were no longer exactly symmetric with the signal
rays. Therefore, most gratings have some z-corriponenfs which shrunk during recording.
In order to maintain a larger reference spot size on the photopolymer than the
signal beam and record in the shrinkage insensitive geometry, we‘ need a lower f/# lens m
the reference arm. Figure 1.39 shows that a lower f/# lens in the reference arm allows us
to record holograms in the shrinkage insensitive geometry while illuminating a larger area
of the photopolymer. We found a small (16.5 mm in length and 15.9 mm in diameter)
projection lens from Universe Kogaku Inc. (Part Number TK-1 1) with a f/# of 1.1 that
could be used in the reference arm to produce a spherical reference beam. Figure 1.40
shows the resulting selectivity curve for a hologram recorded with the f/1.1 projection

lens.

reference P signal
beam e beam
ViR '
,-//“ "
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Figure 1.39 : Using a lower f/# lens in the reference arm (as compared to the signal arm)
for shift multiplexing in the shrinkage insensitive geometry.
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Figure 1.40 : Diffracted power as a function of shift distance for a high density hologram
recorded with a /1.1 reference beam lens. »

Figure 1.40 shows that the experimental selectivity curve became much narrower
and more symmetric with the f/1.1 projection lens in the reference arm. The reference
beam diameter on the photopolymer was approximately 2 mm. just a little bit bigger than
the theoretical diameter of 1.83 mm for the shrinkage insensitive geometry using a f/1.1
lens. Therefore, the theoretical sclcctiyity curve is still slightly narrower than the
experimental.  According to the experimental selectivity curve in Figure 1.40. another
hologram could be shift multiplexed. with little cross-talk noise, by shifting the recording
material in the Bragg direction by 50 or more micron. This means that we could have a
new hologram every 50 micron in shift, along the track of a holographic 3-D disk.

For the shrinkage insensitive geometry, the holograms are recorded with signal and
reference beams of the same bandwidth. Therefore, the amount of shift required in the

Bragg degenerate direction before another hologram could be stored is half the hologram




: 68
height, or .75 mm for this setup. Figure 1.41 (a) shows the xk-sphere diagram during

recording with three representative grating vectors and Figure 1.41 (b) shows the x-sphere
diagram after shifting in the Bragg degenerate direction by half the hologram height.
Grating vectors with some x-components quickly Bragg-mismatch when shifted in the
Bragg degenerate direction, leaving a strip of grating vectors that have no x-components
on the k-sphere. .The .75 mm in orthogonal shift is enough to move the grating vectors

that have no x-components out of the field of view of the detector array.
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Figure 1.41 : x-sphere representation of shift multiplexing using a spherical reference
beam in the shrinkage insensitive geometry. (a) Recording a hologram between a signal
and reference beam with the same bandwidth. (b) Shifting in the degenerate direction by
half the hologram height during reconstruction.

1.3.4 Experimental Setup

After figuring out how shift multiplexing works, we are now ready to construct a
photopolymer based, holographic 3-D disk recorder/player system using shift multiplexing.
Figure 1.42 shows the schematic diagram of a shift multiplexed holographic 3-D disk
setup. It is very similar to the setup used in the previous experiment and many of the same
components are used. An E-beam lithographed chrome plate is used as the input spatial-
light-modulator (SLM). The center-to-center spacing of the pixels is 45 pm, and the fill

factor is 100%. Nikon /1.4, 3.9-cm-aperature camera lenses are used for imaging (the
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chrome plate is pressed up against the Nikon lens to ensure that all the pixels within the

lens aperture are captured). A total of 590,000 pixels fit in the apertures of the two Nikon
lenses and a sharp image of the entire field is obtained at the detector plane. The
recofding material, DuPont's HRF-150 100 micron thick photopolyrner',. is laminated on
the non anti-reﬂection coated side of a 1.2 mm thick transpareht‘ glass disk. The glass
disks used in thié experiment has the same physical dimensions as the compact disc.
Figure 1.43 shows a picture of a photopolymer based holographic 3-D disk next to a cube
of LINbO:. The glass disk laminated with the DuPont photopolymer is then attached to a
microstepping-stepper motor. This particular stepper motor can be set to 125.000 steps
per full revolution. This corresponds to a shift distance of approximately 3 microns per
step at the outside radius of the disk. The entire glass disk and stepper motor assembly is
mounted on a translation stage so the disk could be moved up or<own to access different
tracks on the disk. The spherical reference beam is formed by using a f71.1 miniature
projection lens. The holograms are recorded with the recording material slightly past the
Fourier transform plane of the Nikon lenses. At that position, the diameter of the signal
beam is 1.5 mm and its spatial uniformity is much bettér than at the exact Fourier plane.
The spherical reference beam generated by the f/1.1 projection lens focuses behind the
recording material in the shrinkage insensitive geometry discussed in Chapter 1.3.3.3. The
center rays of the signal and reference beams each makes an angle of 30 degrees (outside)
with respect to the disk's surface normal. The intensity of the signal and reference beams
are 10 nW/cm® and 80 puW/cm® respectively, measﬁred from the collimated planewaves

before they become focused by the Nikon and projection lenses. At the detector plane, a




regular video rate CCD camera is used to read the reconstructed holograms.

shows a picture of the setup.
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Figure 1.42 : Schematic diagram of a holographic 3-D disk setup using shift multiplexing.
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Figure 1.44

Figure 1.43 : A picture of a photopolymer based holographic 3-D disk next to a cube of

LiNbO:.
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Figure 1.44 : A picture of the holographic 3-D disk setup uéing shift multiplexing.

We know from Chapter 1.2 that the 100 micron thick DuPont photopolymer can
achieve a surface density of 10 bits/um’ with sufficient SNR. Therefore, we will tune the
new setup to achieve it again. For the holographic 3-D disk, the in-track density is defined
as the number of pixels in a hologram over the effective area of the hologram. Since the
holoarams are recorded in partially overlapping areas by using shift multiplexing (see
Figure 1.45). the effective area can be computed as the height of the hologram times the
shifi distance required to separate the next hologram. It is similar to having a distinct
hologram stored within each shift distance. To achieve the goal of 10 bits/um” with the
new setup. we will first start with an in-track surface density of 5 bits/pn’. Theﬁ by
overlapping the tracks, boost the surface density to the target 10 bits/um®. For this setup,
we have again 590,000 pixels in each hologram over a hologram height of 1.5 mm.
Therefore. to achieve an in-track surface density of 5 bits/um”, a maximum shift distance
of 78 micron between holograms is allowed. To double the surface density to 10 bits/um’,

we overlap the tracks by storing one track at half the hologram height above and another
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track at half the hologram height below. with respect to the middle track. This in effect

give us two completely overlapping tracks for a surface density of 10 bits/ pm’.
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Figure 1.45 : The layout of overlapping holograms in tracks and overlapping tracks in the
holographic 3-D disk.

1.3.5 Experimental results
So far. a surface density of 10 bits um™ has been achieved on paper by determining
the shift distances required. From Figure 1.40 of Chapter 1.3.3.3. we know it is possible

to pack in-track holograms as closely as 50 um in separation and overlap additional tracks
at half the hologram height above and below the current track. To demonstrate that we
can actually store a hologram every 78 um in in-track shift without too much cross-talk
with the setup shown in Figure 1.44. we recorded one hologram and measured its

diffraction efficiency as a function of shift distance (Figure 1.46). In Figure 1.46, the 78

um in-track shift between holograms actually corresponds to approximately the fourth
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null. Therefore very little cross-talk is expected (the next hologram would be recorded at

position 688 and 532 micron). For track overlapping, we observed that by shifting the
recordipg material radially by .75 mm (half the hologram height), is enough to deflect the
reconstruction of the Bragg-matched strip completely off of the detector plane.
Therefore, another track could be recorded at half the hologram height above and below

the current track with essentially zero cross-talk.
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Figure 1.46 : Diffracted power as a function of shift distance for a high density hologram
recorded with our shift multiplexed holographic 3-D disk setup.

To experimentally demonstrate 10 bits/um’, three overlapping tracks separated
radially by .75 mm were stored. In each track, 100 holograms were recorded with an in-
track separation of 78 pm (some initial holograms in the middle track were omitted so
cross-talk noise could be characterized). Before recording, the photopolymer disk was
uniformly sensitized in room light for 5 minutes. The hblograms were then recorded with

a constant 500 ms exposure per hologram and the middle track was recorded first, then
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the upper and lower. The average diffraction efficiency of the holograms was

approximately half of a percent. Figure 1.47 shows the comb function of the stored

holograms (diffracted power as a function of shift distance). The strength of the

holograms were very uniform by using the simple constant exposure schedule for the first

track recorded (middle track). The holograms recorded later in the upper and lower
tracks were slightly weaker due to the limited dynamic range of the material. To boost the

strength of these holograms, they could have been recorded for longer durations.
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Figure 1.47 : Diffracted power as a function of shift distance for three overlapping track,
each track containing approximately 100 holograms.

One of the reasons why the diffraction efficiency of the upper and lower tracks are
less than the middle track is because of the "run-time" effect discussed in a previous
experiment. From pre-exposure to recording to UV curing, the room light is kept on to

maintain the sensitivity of the photopolymer. The amount of time spent on recording 100
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holograms in a single track.is around 100 seconds (500 ms exposure time + 500 ms delay

to allow the stepper motor to stabilize for each hologram). This means by the time the
lower track is started, the photopolymer has already been in the room light for about 8
minutes. During this time, the photosensitizing dye is slowing being depleted by the room
light, causing the photopolymer to be less sensitive. We also tried other sensitizing
techniques such as letting the larger reference spot pre-expose the next hologram area
automatically during the recording process. This technique pre-exposes the minimum
amount of photopolymer necessary for hologram formation. With the right combination
of exposure time and incident intensity. we were able to get this method to work but not
alwavs consistently from disk to disk.

Figure 1.48 shows a reconstructed hologram from the middle of the middle track,
where the cross-talk noises are most pronounce. Since the CCL). array used was much
«maller than the entire reconstruction. only a window of the reconstruction can be read out
a1 2 time. The three frames in Figure 1.48 correspond to the left, center and right sides of
the reconstructed hologram. Visually. the quality of the reconstructed hologram is quite
high and the reconstruction from the other holograms v;/ere all similér or better than this.
To estimate the bit-error-rate of our system. we generated a histogram from the
reconstructed hologram, using the same method as shbwn in Figure 1.10. The black area
in Figure 1.49 represents the occurrences of the ‘off pixels while the shaded area
represents the occurrences of the ‘on’ pixels, plotted against their intensity value. The two
lobes are distinct, meaning that an intensity threshold could be selected to classify the

pixels as originally 'on’ or 'off without errors. The estimated probability of error derived

from fitting the 'on’ pixel histogram to a first order 5 distribution is 2.4x107.
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Figure 1.48 : The left, center, and right sides of a reconstructed hologram from the 10
bits'um”, photopolymer based holographic 3-D disk experiment.
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Figure 1.49 : Combined histogram obtained from three different sampled windows for the
10 bits um’ . photopolymer based holographic 3-D disk experiment.

We also measured the SNR of the system under various experimental conditions as

shown in Figure 1.50. The SNR for both the shift multiplexed holographic 3-D disk
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experiment and the previous angle+peristrophic multiplexed experiment are plotted for

comparison. The first SNR measurement of the shift multiplexing holographic 3-D disk
setup ié 11.5, which is due to system noises only (lens aberrations, SLM imperfections,
detector noise, scattering and multiple 'reﬂectic-)ns from lenses and other optical
components, laser non-uniformity and fluctuations, and SLM-to-CCD pixei misalignment).
We obtained thié by transmitting the signal beam through the system withéut any
recording material. An improvement of 1.5 in SNR when compared with the
angle+pe;istrophic multiplexing setup is due to the E-beam lithographed, chrome plated
data rﬁask used in the holographic 3-D disk setup. The optically lithographed data mask
used in the previous setup did not have the uniformity nor the contrast of the E-beam
lithographed mask. By placing thc one side AR-coated 1.2 mm thick glass disk at the
recording plane, the SNR drops to 10.9. This slight drop in SNR is mostly due to
aberration and internal reflections caused by the disk substrate. However,‘ the new setup
has an additional SNR improvement of 0.4 over the old setup (when the SNR increase of
1.5 have alrcady been taken into account). This small increase in SNR is due to the anti-
reflection coating on the glass disk. In the old setup. regular 1 mm thick glass slides were
used to support the photopolymer. We suspect that the SNR would have been even be_tter
had the glass disk been AR coated oh both sides. However, this was not done since the
photopolymer is laminated on one side of the disk and would have ruined the AR effect.
When we introduced a piece of UV-cured photopolymer laminated on the disk substrate at
the recording plane, the SNR dropped further to 8.8. The major cause of this drop in '
SNR is most likely due to internal reflections within the film and the glass substrate and

scattering caused by the photopolymer film. Since the same type of photopolymer was
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used in both experiments, the drop in SNR caused by the UV-cured photopolymer is the

same for both setups.
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Figure 1.50 : SNR characterization for the shift multiplexed, photopolymer based
holographic 3-D disk setup.

A SNR of approximately 4.8 was obtained when a single hologram was recorded
on the disk and its reconstruction evaluated. No errors were observed in the
reconstruction and the histogram of the ‘on’ and 'off pixels were still clearly separated.
However. when compared with the old setup. the lead in SNR enjoyed by the new setup
has shrunk to only 0.3 (from a lead of 1.8 before). To a large extent, this significant drop
in SNR (from 8.8 to 4.8) is due to internal reflections from the boundaries. Figure 1.51
shows a close-up diagram of the recording plane. The signal beam is a high bandwidth
(/'1.4) spherical beam that focuses in front of the recording material and the reference
beam is an even higher bandwidth (/'1.1) spherical beam that focuses in the back. Unlike

the angle+peristrophic multiplexing setup where the reference beam was just a planewave
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and internal reflections caused an interference pattern that was distributed across the entire

hologram. The reflected spherical reference beam for the holographic 3-D disk setup re-
focuses_ near the right side of the hologram. Therefore, the quality of a hologram stored in
the geometry shown in Figure 1.51 will have poorer SNR on the right side when
compared to the center or the left. For the one hologram experiment, the right side had an
SNR of 4.2 while the left and the center ﬁad an SNR of 4.6 and 5.6, respectively, for an
average SNR of 4.8. If there was a way to AR coat the photopolymer to reduce the back

reflections. the SNR should improve significantly.
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Figure 1.51 : Internal reflections within the holographic 3-D disk cause the right side of
the stored hologram to have lower SNR.

For the final 10 bits/um’ surface density experiment with three overlapping tracks
(IQO holograms in each track), the measured SNR is 4.16. This is about 0.6 higher than
the angle+peristrophic setup for the same surface density. Instead of maintaining a lead of
0.3 in SNR for one hologram, the SNR actually increased by another 0.3 for the 10
bits')um” experiment using shift multiplexing. This is probably because for the shift

multiplexed holographic 3-D disk setup. less cross-talk noise is introduced between the in-
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track holograms when compared to the angle holograms of the angle+peristrophic setup.

Furthermore, since the holograms are recorded in partially overlapping areas (instead of
recording all the holograms at the same spot), the index modulation effect is probably less.
The better SNR for the 10 bits/um’ shift multiplexed holographic 3-D disk experiment
translates to a lower estimate bit-error-rate of 2.4x 10, more than 4 times lower than the

angle+peristrophic experiment shown in Chapter 1.2.

1.4 100 bits/um* High Density Experiment
Using Shift Multiplexing and a 1 mm Thick LiNbO3

1.4.1 Introduction

In Chapter 1.3, a surface density of 10 bits/um® was achieved with a shift
multiplexed holographic 3-D disk system, using a 100 micron thick photopolymer. The
storage capacity of a 120 mm photopolymer based hologréphic 3-D disk would be around
10 Gbytes (at 10 bits/um’). That is about 10 times higher than the capacity of the current
compact disk. However. the next generation compact disc due in early 1997, the Digital-
Versatile-Disc (DVD). will have a capacity of ~6 Gbytes per layer, for a maximum
planned capacity of ~20 Gbytes per double-sided disk with two layers on each side. That
translates to a surface density of approximately 20 bits/um’ for the 4 layered DVD disk.
Unless we can get a much higher surface density than 20 bits/um’® with the holographic 3-
D disk system, there is no need to compete with the DVD for the same market with an

inferior product.
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So far the recording material we have used is only 100 micron in thickness.

According to Eq. 1.15 and 1.20, the number of holograms you can pack in the same area
is directly proportional to the thickness of the recording material. The thicker the
record'mg material, the more holograms you can store in the same area and therefore, the
higher the surface density. For example, if we were to use a 1 mm thick photopolymer
based holographic 3-D disk, the surface density should increase by a factor of 10X to 100
bits/um”. Certainly a comfortable margin over the projected surface density of the DVD
system. However, no 1 mm thick photopolymer exists at the current time so we will have
to use another recording material as a substitute for now. A candidate that readily
presents itself is LINDOs. Its photorefractive properties are well known and a 1 mm thick
sample would be easy to obtain. LiNbO; can be polished to optical quality and AR coated
on both sides to reduce reflections. However, some of its less desirable properties will
force us to change our setup slightly. Due to the expense of acquiring large samples of
LiNbO-. we will not be able to make a LiNbO; based, holographic 3-D disk in the style
shown in Figure 1.43. Instead, we will use a 2 cm by 2 cm piece of LINDO; to
demonstrate the system. For transmission geometry LiNbO;, there is a preferred crystal
axis for hologram formation. If the crystal is rotated like a disk during recording, the
preferred axis will introduce a sinusoidal variation in the diffraction efficiency of the stored
holograms [16]. Therefore we will not rotate the LiNbO; to achieve shift multiplexing.
Instead. we will translate the crystal horizontally to record in-track holograms and
vertically to overlap the tracks. Furthermore, since LiNbO; is not as sensitive in the green
region (532 nm) where we have done the previous experiments, we will move the setup to

a large frame Argon laser that produces nearly 1 Watt of power at 488 nm.
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The spirit of the experiment remains unchanged: to demonstrate that a surface

density of 100 bits/um’ is possible with a 1 mm thick recording material by using shift
multiplexing. The results obtained from this experiment can be applied to a photopolymer

based, shift multiplexed holographic 3-D disk system when a 1 mm thick photopolymer

becomes available.

1.4.2 Experimental Setup

The setup for this experiment is pretty much the same as the shift multiplexed
holographic 3-D disk system shown in Chapter 1.3.4. A pair of Nikon f/1.4, 3.9-cm-
aperture camera lenses were used to image an E-beam lithographed chrome plated data
mask to a CCD detector. A total of 590.000 pixels fit in the apertures of the two Nikon
lenses. and a sharp image of the entire field was obtained at the detector plane. The
center-to-center spacing of the pixels was 45 um and the fill factor was 100%. The
recording material, 2 cm x 2 cm x | mm iron doped LiNbO; was mounted on two
translation stages for shift multiplexing. Horizontal displacement (parallel to the plane of
interaction) was provided by a Klinger CC1.2 linear stage and controller. The resolution
of the Klinger linear sfage is .1 um step and the scan time for 400 steps (40 pm) ié about 8
seconds. Vertical displacement was provided by a manual translation stage. The spherical
reference beam was formed by using a f7/1.1 projection lens. The holograms were
recorded with the LiNbO; slightly past the Fourier transform plane of the Nikon lenses.
At that position, the diameter of the signal beam was 1.5 mm oﬁ the entrance side and its
spatial uniformity was much better than at the exact Fourier plane. Figure 1.52 shows a

schematic diagram of the setup and Figure 1.53 shows a picture of the setup.
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Figure 1.52 : Schematic diagram of a shift multiplexed high density setup using a 1 mm
thick LiNbO:s.

One nice thing about LINbO: is that it doesn't shrink when exposed to light. This
frees us from the restrictive shrinkage insensitive geometry. For example, Figure 1.54
shows a recording geometry where both the signal and reference beams focus in front of
the recording material. For this sctup. the angle between the reference and signal rays for
a localized grating remains relatively constant throughout the entire hologram. For the
shrinkage insensitive geometry of Figdre 1.34, the angle between the reference and signal
rays is small on the right side and gets progressively bigger toward the left side of the
hologram. Therefore, the Bragg sclectivity of the entire hologram should be more uniform

for the setup shown in Figure 1.54 when shified parallel to the plane of interaction. We
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tried this geometry with the center ray of the signal (reference) beam making an angle of

.

45° (35°) with respect to the recording material's surface normal.

Ficure 1.53 : A picture of the shift multiplexed high density setup using a 1 mm thick

LiNDO-.
reference signal
beam beam
-
. glass
i o A e e N‘ B e ‘\;.
_ photopolymer

Figure 1.54 : A possible geometry for recording shift multiplexed holograms in LiNbO:.
What we found was that the right side of the stored hologram Bragg-mismatched

much more slowly than the left side. despite our effort to make the angle between the
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reference and signal rays more uniform across the entire hologram. Upon further analysis,

it became clear why this happened. In order to have good angular selectivity (Eq. 1.7), it
is desi;able to have a lérge 6. The gratings on the right side of the hologram have a
smaller 6, when compared to the left side. Therefore, the angular selectivity for the
gratings on the right side of the hologram is poorer than the left. Furthermore, since the
focal spot of the spherical reference is in front of the recording material, it is further away
from the right side of the hologram. This causes the rate of change in the reference ray
angle to occur more slowly for the right side when the recording material is shifted. These
two effects combine to make the right side Bragg-mismatch noticeably slower than the left
side. For the shrinkage insensitive geometry of Figure 1.34, 6, on the right side is also
smaller than the left. However. the focal point of the spherical reference beam is closer to
the right side when it is focused behind the recording material. Therefore, these two
cfiects cancel each other to some degree, producing a more uniformly Bragg-mismatch
hologram when shifted parallel to the plane of interaction. Hence, even though LiNbO;
does not shrink. we will still usc the shrinkage insensitive geometry for this setup by
focusing ihc spherical reference beam behind the recording material.

The angular selectivity equation when written explicitly for wavelength and angles

measured from outside of the recording material is :

in 0
( ( A cos(sin-*(ﬂ‘ D y
AB =sin~" nsinl — _ n ‘ +sin"[sm ,-) 0
nk sin sin"(sm 6. J+ sin“‘[sm 6, n r
n n

where 7 is the index refraction of the recording material, A is the wavelength of the laser,

(1.21)

I is the thickness of the recording material, and 6, (6,) is the angle between the signal
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(reference) ray and the surface normal of the recording material. For the photopolymer

based. shift multiplexed holographic 3-D disk setup shown in Chapter 1.3, n = 1.525, A =
532 nm, L = 100 um, and the center ray of the signal and reference each made an angle of
30° with respect to the surface normal of the_recording material. For the shift multiplexed,
high density setup using LiNbOs, the index of refraction of LiNbO; is 2.25 (2.35 for the
ordinary axis), A = 488 nm, and L = 1 mm. The shorter wavelength and higher index of
refraction (compresses the wavelength inside the recording material) helps to sharpen the
selectivity function. However. the higher index of refraction also decreases the angle of
the signal and reference rays inside the recording material, which hurts the selectivity
function. From Egq. 1.21, it is unclear if the overall effect of using a 488 nm laser and a
recording material with an index of refraction of 2.25 increases or decreases the amount of
A6 required to reach the first null in Bragg condition. By using the parameters of the
photopolvmer based holographic 3-D disk. we get a AB of 0.5° from Eq. 1.21 for the
grating recorded between the cerror rays. Using 6, = 9 =30°%n=225L=1mm, and A
= 488 nm. we get a AQ of 0.071 t.r the LINDO; high density setup. This means that the
higher index of refraction of the 1.iNhO; crystal hurts the selectivity function more than it
helps siﬁcc the 1 mm thick recording material did not reduce A6 by a factor of 10X.
Perhaps we can regain some selectivity by using larger incident angles for the reference
and signal beams. According to Eq. 1.21, the best A we could get with an index of
refraction of 2.25 and a wavelength of 488 nm is 0.06° with 6, = 6, = 45°.

Experimentally, we were unable to record good quality holograms with such

oblique angles. Through trial-and-error, we settled on a geometry where the center ray of
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the signal and reference beams each made an angle of 35° with respect to the surface

normal of the recording material. Theoretically, that gives a A0 of 0.065° for the grating
recorded between the ceﬁter rays in the 1 mm thick LiNbOs crystal. This is roughly a 30%
increése in the expected angular change required for Bragg-mismatching ‘when compared
to the results obtained for the 100 micron thick, photopolymer based holographic 3-D disk
system.

To convert from A0 to shift distance, we need to figure out where the focal point
of the spherical reference beam is. For the photopolymer based holographic 3-D disk
svstem. the focal point is placed just far enough from the backside of the disk so the
reference illumination completely covers the signal beam spot on the photopolymer. For
the 1 mm thick LiNbOs crystal, the entrance spot size is smaller than the exit spot size,
since the signal beam expands inside the recording material. In ezder to cover the entire
signal beam inside the recording material, the focal point of the spherical reference beam
would have to be displaced further away from the recording material so the exit spot area
is covered. However. that would significantly increase the amount of shift required to
Bragg-mismatch a stored hologram. On the other hand; if the focal point of the spherical
reference beam is placed so onlv the entrance spot is covered, then some of the signal
illumination will not be recorded. Icading to a weaker hologram. For this experiment we
struck a compromise by covering all the entrance area and most of the exit area on the
LiNbO:. A decent hologram selectivity was maintained and the SNR of reconstructed
holograms was sufficient for error free readout.

On a related topic. since the entrance spdt size is different from the exit spot size,

the intensity of the signal beam on the front face of the LINbO; is different from the back
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surface. In order to get a good index modulation, the signal intensity should be similar to

the reference intensity in the recording material. The intensities we finally settled on were
7.9 mW/cm’ for the reference beam and 500 uW/em® for the signal beam (both measured
in the planewaves before the lenses). The intensity of the reference beam was a little
weaker than the signal beam at the front surface and a little stronger than the signal beam
at the back surface. This seems to produce the best quality holograms possible.

Other than just worrying about the possibility of packing enough holograms in the
same volume to achieve a surface density of 100 bits/pum’, we also have to make sure that
the reconstructed holograms have enough power to be read out by the detector array.
With the photopolymer based holographic 3-D disk, we did not have to worry about the
diffraction efficiency of each hologram since the M/# is so high and only é few holograms
overlapped in the same area. As a matter of fact, we consistently under-utilized the
dvnamic range of the photopolymer in order to simplify the exposure schedule and to
record better quality holograms. With LiNbO;. the M/# is usually much lower than the
photopolymer given the same thickness. For the 1 mm thick iron doped LiNbO: crystal
we used in this experiment, the A/ = is 0.34 for vertically polarized incident beams and
approximately | for horizontally polarized beams (this agrees with theory pretty .well since
the Ru: coefficient is about 3 times bigger than the Ry3 coefficient in the electro-optic
‘tensor for LiNbO3 [17]). So for horizontally polarized holograms, we can expect a
diffraction efficiency that is 9 times higher than for holograms recorded with vertically
polarized beams (for the same exposure time). Therefore, we will use horizontally

polarized reference and signal beams in this setup.
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Even with a M/# of 1, the efficiency of the 1 mm thick LiNbO; still pales in

comparison with DuPont's HRF-150-100 photopolymer. With 1/ 10™ the thickness. the
M/# of the 100 micron thick photopolymer is around 6.5 times higher than the 1 mm thick
LiNbO;. In order to achieve a surface density of 100 bits/um’, we will need to store about
10 times more overlapping holograms in the same area than before. Fér a 1 mm thick
photopolymer, this would not be a problem since the M/# would also increase by.a factor
of 10 due to the increased thickness. Therefore, the diffraction efficiency per hologram
would rémain about the same. However, for the 1 mm thick LiNbOs;, we will not have a
A = 0f 65 to play with. In terms of diffraction efficiency, each hologram recorded in the 1
mm thick LiNbO: will be 4,000 times less intense when compared to holograms recorded
ina | mm thick photopolymer (if the full dynamic range of both materials were used). So
for this experiment, we will really have to keep an eye on the SNR of the stored
holograms to make sure the diffracied power 1s above the noise level. We will do this by
monitoring the SNR as a function of surface density, from 1 hologram stored to 100
bits um”. 1f at anytime the SNR drops below the desired value, we will modify the setup
to cither reduce the noise level or to increase the signal level.

To achieve the goal of 100 bits pm’ with the 1 mm thick LiNbOs, we will first start
with an in-track surface density of 5()A bits/um”. This means the in-track holograms have to
be separated by no more than 7.8 um in horizontal shift. Then by overlapping one track at
half the hologram height above and anther at half the hologram height below, boosf the
surface density to 100 bits/um’. It is kind of funny talking about the 'height’ of a hologram
since the hologram has two different 'heights’, one at the front face of the crystal and a

bigger one at the back surface. We can go back and think about the surface density in
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terms of number of pixels in a hologram over the effective area of the hologram. For this

experiment, we have again 590,000 pixels in each hologram over an effective hologram
area of .75 mm (amount of vertical shift required to store another hologram) times 7.8 um
(amount of horizontal shift required to store the next in-track hologram), for a surface

density of 100 bits/ gmz. Figure 1.55 shows the arrangement of holograms in the LINbO;

crystal.

«—2cm—*> O

1 mm thick
LiINBO,

Figure 1.55 : The arrangement of holograms in the LiNbO; crystal.

1.4.3 Experimental Results

To determine if in-track holograms could be stored as closely as 7.8 um in shift
with the 1 mm thick LiNbO:. we stored one hologram and measured its selectivity. Figure
1.56 shows the diffraction efficiency of the stored hologram as a function of shift distance.
A 7.8 um in-track shift between holograms corresponds to approximately the 2" null for
this setup. As explained previously in Chapter 1.4.2, the higher index of refraction and the
extra thickness of the LiNbO; hurt the selectivity a little. Instead of storing in-track

holograms at the 4™ null like in the holographic 3-D disk experiment (Chapter 1.3.5), for
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this experiment we will have to store additional in-track holograms at the 2" null to get to

100 bits/um’. Therefore, more cross-talk noise is expected. For track overlapping, since
the bandwidth of the signal and reference beams are roughly the same for the stored
holograms, when the recording material is shifted radially by .75 mm, the reconstruction of

the Bragg-matched strip is deflected completely off of the detector plane.
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Figure 1.56 : Diffracted power as a function of shift distance for a high density hologram
recorded with our shift multiplexing setup, using a 1 mm thick LiNbOs.

We now know the setup can achieve a surface density of 100 bits/um” as far as
hologram selectivity is concerned. But before jumping directly to do the 100 bits/um’
experiment, we would like to take it step by step and solve possible difficulties along the
way. Figure 1.57 shows the measured SNR- of the system under various experimental
conditions. A SNR of 9.5 was measured by imaging the E-beam lithographed data mask
through the system without any recording material. Even though the imaging system for

the LiNbO; setup is exactly the same as the holographic 3-D disk experiment of Chapter
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1.3.5, the system SNR is lower here. I suspect the mode quality of the Argon laser is not

quite as good as the DPSS laser used in the holographic 3-D disk experiment.
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Figure 1.57 : SNR characterization for the shift multiplexed 1 mm LiNbOs setup.

When the AR coated 1 mm thick LiNbO; is placed at the recording plane, the SNR
drops slightly to 9.3. However. due to LiNbO:'s much better optical quality and AR
coatings on both sides, the SN\R of the LiNbO: setup becomes better than the
photopolymer based holographic 3-D disk setup. The difference in SNR between the two
setups is even larger for the case where the SNR of one hologram is analyzed. For the
LiNbO; setup. a SNR of 9 was obtained as compared to a SNR of 4.8 for the
photopolymer disk experiment. Again, the better optical quality and AR coatings really
helped the LiNbO; setup in obtaining a higher SNR. To measure the effect of hologram

multiplexing on the SNR, we stored shift multiplexed holograms in the LiNbO; at 5
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bits/um’ in-track density increments, up to 50 bits/um’. For each experiment, the SNR of

a reconstructed hologram near the middle of the track is measured. If the SNR is good
and no errors are observed, then the in-track density for the next experiment is increased

by 5 Bits/ um’ by decreasing the separation between adjacent holograms.' ‘However, if the

SNR drops much below the SNR‘obtained for the 10 bits/um’ photopolymer based
holographic 3-D disk experiment or if errors are observed, then parameters of the setup is
modified to achieve a better SNR. For the final 100 bits/um’ experiment, the 50 bits/pm’
in-track density experiment is repeated three times with a track separation of .75 mm.
Table 1.1 shows a summary of the setup parameters and .experimental results for the in-
track density experiments with LiNbOs.

For the 5. 10, and 15 bit.c',thm2 in-track density experiments, the SNR measured
were all well above 4.16 (the value measured for the 10 bits/|ifi” photopolymer based
holographic 3-D disk experiment) and no errors were observed. Each hologram was
recorded with a constant 20 seconds exposure and for the 5 bits/um’ experiment, the
dynamic range of the LiNbO; was not yet fully utilized. VFigure 1.58 shows the diffraction
efficiency as a function of material shift for the 15 bits/um’ in-track density experiment.
Notice the diffraction efficiency at the beginning and near the end is much higher than the‘
middle (the power detector saturated for the last few holograms). This is caused by the
erasure effect inherent in photorefractive materials such as LiNbO;. Holograms
multiplexed later in the sequence decay the strength of the already stored holograms.
Since the holograms at the beginning and the end of the track have fewer adjacent

holograms. they don't get erased as much (for the last hologram, it doesn't get erased at

all).
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In-track # of Hologram Exposure Average SNR
Density Holograms Separation Time Diffraction
(bits/pm’) (pm) (seconds) Efficiency
(%)
5 75 78 20 0.06 7.4
10 150 39 20 0.04 7
15 230 26 20 0.017 5.8
20 track 1:155 | track 1:39 (0) track 1 : 20 0.01 49
track 2 : 155 | track 1:39 (+19.5) | track2:9
25 track 1:192 | track 1:31.2(0) track 1:20 0.004 4.8
‘ track 2 : 192 | track 2:31.2 (+15.6) | track2:7
30 track 1:155 |track 1:39 (0) track 1: 20 0.0038 4.7
track 2 : 155 | track 2:39 (+13) track 2 : 10
track 3 : 155 | track 3:39 (+26) track 3:5
35 track 1: 175 | track 1:34.2 (0) track 1 : 20 0.0063 5.2
track 2: 175 | track 2 :34.2 (+11.4) | track2:8
track 3 : 175 | track 3:34.2 (+22.8) | track3:5
40 track 1 : 205 | track 1:29.4 (0) track 1 : 20 0.004 4
track 2 : 205 | track 2 : 29.4 (+9.8) track 2 : 7
track 3 : 205 | track 3:29.4 (+19.6) | track3:4
45 track 1:172 | track 1 :34.8 (0) track 1 : 20 0.0052 4.9
track 2 : 172 | track 2 : 34.8 (+8.7) track 2:7
track 3:172 | track 3:34.8(+17.4) | track3:4
track 4 : 172 | track 4 : 34.8 (+26.1) | track4:3
50 track 1:192 |track 1 : 31.2(0) track 1 : 20 0.0015 4
track 2 : 192 | track 2 : 31.2(+7.8) track 2: 6
track 3: 192 | track 3:31.2(+15.6) | track 3:4
track 4 : 192 | track 4:31.2(+23.4) | track4:3
Table 1.1 : A summary of setup prrameters and experimental results for the in-track

density experiments with LiNDO-.

The erasure effect will also force us to change the way in which the holograms are

stored. For the 20 bits/um’ in-track density experiment, when all 310 holograms were

stored sequentially by using the constant 20 seconds exposure per hologram, a lot of

errors were observed on the right side of the reconstructed holograms. The SNR for the

left. center, and right sides of a reconstructed hologram were 5.5, 4.3, and 1.7,

respectively.

2

With a SNR of only 1.7 for the right side, the 'on" pixels were
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indistinguishable from the 'off pixels. The reason why the SNR on the right side is so

poor has to do with non-uniform erasure introduced by shift multiplexing in LiINbO:s.
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Figure 1.58 : Diffraction efficiency as a function of shift distance for the 15 bits/pum’ in-
track density experiment with LINbOs.

Figure 1.59 (a) shows a single track of holograms shift multiplexed sequentially
from left to right and Figure 1.59 (b) shows the resulting diffraction efficiency. Once a
hologram is stored. additional holograms are shift multiplexed to the right in partially
overlapping areas. Therefore, the right side of a stored hologram becomes more erased,
producing a reconstruction similar to the one shown in Figure 1.59 (a) (where the shaded
black area represents lower intensity). This problem was also present in the 5, 10, and 15
bits‘um" in-track density experiments but it did not cause any errors until the 20 bits/um’
experiment (because more holograms are stored). We need to solve this non-uniform

erasure problem before moving on to the next higher density experiment.
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Figure 1.59 : Shift multiplexing in LiNbO; using a constant exposure schedule. (a)-A
single track shift multiplexed sequentially from the left to the right and a reconstruction
from the middle of the track. (b) Diffraction efficiency of the stored holograms as a

function of shift distance.

One method to solve the non-uniform erasure problem is to interleave the
holograms during recording. Instead of storing all the holograms sequentially in a single
pass. a track can be recorded by doing multiple passes as shown in Figure 1.60 (a). The
starting point of each pass is shifted slightly so when all the holograms are recorded, the
resulting track looks the same as Figure 1.59 (a). Since the holograms in each pass do not
overlap. there is no non-uniform erasure. However, we do have to take into account the
uniform erasure from multiple passes. The exposure schedule to achieve similar
diftraction etliciency for mﬁ]tiple passes can be computed in the same matter as for angle
multiplexed holograms [18]. Basically it involves recording the earlier passes stronger
than the later passes. according to properties of the photorefractive recording material
(Figure 1.60 (b)). Erasure from recording subsequent passes decays the strength of the
earlier passes so they all have the same diffraction efficiency when the track is completed.
With this method of recording in-track holograms, the intensity and the SNR of the

reconstruction should be more uniform across the entire hologram.
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Figure 1.60 : Shift multiplexing in LINbO; using multiple passes. (a) A single track shift
multiplexed with multiple passes. (b) Exposure time for the different passes and the
resulting diffraction efficiency of the stored track.

Unfortunately for our setup, it is not feasible to record completely non-overlapping
holograms in each pass. The signal beam spot diameter on the entrance side of the.
LiNbO: is 1.5 mm. In order to separate the next hologram by 1.5 mm, we would have to
wait approximately 5 minutes for the automated translation stage to move the recording
material that far (we operated the KLINGER linear stage in the "slow" mode to obtain
better repeatability). At that rate. the entire 20 bits/um" in-track density experiment would
take more than 24 hours. Instead. we compromised by recording multiple passes with
partially overlapping holograms in cach pass to save time. For example, the uniformity of
the holograms in the 10 bits/um’ experiment was good enough to have zero errors. So for
the 20 bits/um’ experiment, we recorded two 10 bits/um’ passes with the second pass
displaced from the first by 19.5 um. The holograms in the first and second passes were

recorded for 20 and 9 seconds each. respectively. These exposure times were obtained
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through trail-and-error to give the most uniform diffraction efficiency. The entire track

took two hours to record and the resulting SNR was 4.9 with no errors observed.

For the 25 bits/um’ in-track density experiment, the track was recorded with two
passes and the SNR was sufficient for error free reconstruction. However for the 30
bits/um’” experiment, the non-uniform erasure effect again caused errors and we had to go
to three passes to record a single track without errors. To see if changing the modulation
index would help improve the SNR, the reference and signal beam intensities were
increased to 9.3 mW/cm’ and 532 mW/cmz, respectively (both measured from the
plancwaves before the lenses) for the next experiment. The SNR and the diffraction
efficiency did improve slightly with the new modulation index for the 35 bits/um’
experiment. However for the 40 hits/um’ in-track density experiment, the SNR again
dropped close to the error level duc to non-uniform erasure. Figure 1.61 shows a portion
of the diffraction efficiency as a function of material shift curve for the 40 bits/um’
experiment.

For the 45 bits’/um” experiment, the number of passes was increased to 4 and we
began to notice significant cross-talk noise between adjacent holograms. A shift
separmibn of 8.7 um between holograms corresponds to a null spacing of approximately
2.2 according to Figure 1.56. The amount of cross-talk introduced was enough to cause
some errors in the reconstruction. To decrease the inter-page cross-talk, we increased the
selectivity of the setup by moving the focal point of the spherical reference beam closer to
the recording material. Figure 1.62 shows the resulting selectivity curve for a hologram

recorded with the refocused spherical reference beam.
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Figure 1.61 : A portion of the diffraction efficiency as a function of shift distance curve for
the 40 bits'um® in track density experiment with LiNbOs.
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Figure 1.62 : Diffracted power as a function of shift distance for a high density hologram
recorded with the refocused spherical reference beam.
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With the refocused reference beam, a hologram separation of 8.7 pm now
corresponds to a null spacing of 2.8 for the 45 bits/um’ experiment. Furthermore, for the
50 bits/um’ in-track density experiment, adjacent holograms can be stored at 2.5™ null.
The better selectivity should decrease inter-page cross-talk noise and increase the SNR of
the stored holograms. However, by moving the focal point of the spherical reference
beam closer to the recording material, less of the signal spot at the exit side of the LiNbO;
is covered. This might decrease the hologram SNR. For the 45 bits/um’ experiment with
4 passes and refocused reference beam, the SNR obtained was 4.9 and no errors were
ohserved. This shows that the gain in inter-page cross-talk noise suppression out-
weighted the loss of SNR due to a smaller recording volume. The average diffraction
efficiency also showed a slight improvement, possibly due to the increased reference beam
intensity during recording.

The 50 bits/um’ in-track density experiment presented us with a new challenge.
For the first trial with 4 passes, the resulting SNR for the left, center, and right sides were
3.5.3.6. and 2.4. respectively. The average diffraction efficiency was 2.5 x 107 and there
were some errors in the reconstruction. The chief cause of these errors was the scattering
noise ()\'crpoweringA the reconstructed hologram.  The diﬁ‘racﬁon ef’ﬁcienéy of this
experiment was dangerously close to the scattering diffraction efficiency of 7war = 107
Nwar Was determined by passing the reference beam through the 1 mm thick LiNbOs,
measure the total energy collected by the Nikon lens at the detector plane, and then
normalize it by the reference beam power. For this setup, nearly all the scattering noise
was generated by the reference beam lens since did not change appreciably with the

LiNbO: removed. Reflections between the multiple optical elements in the Universal f/1.1




101
projection lens create a cone of scattered light with the intensity strongest in the direction

of the reference beam. The Nikon lens captures some of the scattering and images it to
the détector plane. Siﬁce the right side of the Nikon lens is closer to the reference beam,
the right side of the detector plane has more scattefing noise. This combined with weaker
diffraction efficiency on the right sides of the stored holograms caused most of the errors
in the 50 bits/um” experiment.

There are two immediate solutions to the scattering problem : (1) increase the
dit‘fractién efficiency of the stored ‘holograms; (2) reduce the scattering diffraction
efficiency. Since we are already using the entire dynamic range of the LiNbOs, it is not
possible to raise the diffraction efficiency much higher than the current level. We could
make the diffraction efﬁciency more uniform across the hologram by making more passes
per track. but that would only be a temporary solution since the diffraction efficiency of
cach hologram will still be pretty low. Therefore, we have to reduce the scattering noise
level through some type of filtoring process in order to increase the SNR. Figure 1.63
shows the setup we used to filter the scattering noise for the 50 bits/um” in-track density
experiment. The new setup is exrly the same as the one shown in Figure 1.52, except
for a second 4-f system in the sign:’ arm. A spatial {ilter with an opening just big enough
to pass the signal beam is placcd ;x.l the Fourier plane of the second 4-f system. Since
scattering originates from a different spatial position than the signal beam, most of it
becomes blocked by the spatial filter. This is evident in the much lower scattering
diffraction efficiency of Nuw ~ 3.4 % 10" for the \new setup. However, with more lenses in
the signal beam. the system SNR might drop. We couldn't measure the system SNR

directly since we only had three Nikon f'1.4 camera lenses, but we could measure the SNR
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of a single hologram recorded with the new setup and it was 7.6. Compared with a SNR

of 9 for a single hologram recorded with the setup shown in Figure 1.52, we lost 1.4 in
SNR due to the extra pair of Nikon lenses in the signal beam. So the question now is: for
low diffraction efficiency holograms, do we gain more' SNR from the filtering process than
we lose on the extra 4-f system? To find out, the same 50 bits/um’ in-track density
experiment was repeated with the new setup and a SNR of 4 wés obtained. This SNR 1s
better than without filtering and no errors were observed in the sampled reconstruction.
The measured diffraction efficiency of the stored holograms did go down to 1.5 x 107

since most of the scattering noise was blocked.

detector

spatial plane
\

filter

) /
Nikonf/1.4 7
camera lenses

Figure 1.63 : Sctup for the 50 and 100 bits'um’ high density experiments (with filtering).
A surface density of 100 bits’/um’ was achieved by repeating the 50 bits/pum’ in-

track density experiment three times in partially overlapping tracks. Each track was

separated by a vertical displacement of .75 mm and the in-track holograms were shifted
horizontally by 7.8 um. This gave an effective area per hologram of 75 mm x 7.8 um =

5850 pm. Since each hologram contained 590,000 pixels, the surface density achieved
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was 590,000 bits / 5850 um’ = 100 bits/um’. Figure 1.64 shows a portion of the

diffraction efficiency as a function of shift distance curve for the middle track of the 100
bits/ ur_n2 experiment. The holograms were stored very close together so inter-page cross-
talk was the source of most of the noise encountered. The tracks were recorded
sequentially from top to bottom and the average diffraction efficiency of the holograms in
the middle track was 0.00044%. This diffraction efficiency is much lower than the
previous 50 bit/ um’ in-track density experiment because the bottom track partially erases
the middle track. Nevertheless it is about ten times higher than the scattering diffraction
efficiency after filtering. The SNR achieved was 3.85 and no errors were observed in the
sampled reconstruction when localized threshold values were used (since the intensity of

the reconstructed hologram varied across the page due to the non-uniform erasure effect).
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Figure 1.64 : A portion of the diffraction efficiency as a function of shift distance curve for
the middle track of the 100 bits"pmz experiment with LINbOs.
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Figure 1.65 shows a reconstructed hologram from the middle of the middle track.

The three frames correspond to the left, center and right sides of the reconstructed
hologram. The visual quality of these frames are slightly poorer than the images shown in
Figure 1.48 for the 10 bits/ pm’ photopolymer based 3-D disk experiment. To estimate the
bit-error-rate (BER) of 100 bits/um’ experiment, a histogram was generated from the
reconstructed hologram and then fitted to a first order +* distribution (as shown in Figure
1.66). The estimated BER obtained by integrating the tail areas of the % distribution for
both the 'on' and 'off pixels was approximately 9.5 x 10°. This BER is about the same as
the original 10 bits/ um’ surface density experiment using peristrophic and angle

multiplexing.

reconstruction
field-of-view

center

Figure 1.65 : The left, center, and right sides of a reconstructed hologram for the 100
bits’um” experiment using LiNbO:.

In Figure 1.66, the histograms for the ‘on’ and 'off' pixels actually cross-over. This

means that a global intensity threshold value cannot be picked to classify all the pixels
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correctly for the entire reconstruction. Due to the non-uniform erasure effect from shift

multiplexing partially overlapping holograms in LiNbO;, we need to use localized
threshold values to classify the recalled pixels. When different threshold values were used

to cfassify, the left, center, and right sides, the reconstructed pixels from a sampled

hologram were all classified correctly.
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Figure 1.66 : Combined histogram obtained from three different sampled windows for the
100 bits um™ experiment using LiNbO:-.

1.5 Discussions and Conclusiohs

The market segment where we think a holographic data storage device can achieve
acceptance. with currently available components, is mass distribution of pre-mastered
information. This brings the holographic data storage device into direct competition with

the widely popular compact disc. In order to succeed in a market where the compact disc
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holds dominance, the holographic data storage device must offer better performance at a
comparable price. In this chapter we have demonstrated that a surface density many times
higher than the compact disc can be achieved holographically. One of the systems
implemented used a photopolymer based holographic 3-D disk that has the same physical
dimensions as the compact disc. The holograms were recorded sequentially in partially
overlapping areas along a spiral track. A spherical reference béam was used to
reconstruct the stored holograms while the rotational motion of the disk provided access
to different holograms. This system was designed to be similar to the compact disc so
many existing components could be used to reduce cost. Table 1.2 summarizes the

experimental results we have obtained so far and the target values we need to make

holographic 3-D disks competitive.

100 um Thick _
Photopolymer Based | 1 mm Thick LiNbO; Target
Holographic 3-D System System
Disk Svstem
Surtace
Density 10 bits um’ 100 bits/um’ 100 bits/pm’
Capacity per
120 mm Disk 10 Ghytes 100 Gbytes 100 Gbytes
Recording
Rate . 1.1 Mbits sec 70 Kbits/sec as fast as possible
Readout
Transfer Rate 4 Mbits sec .4 Mbits/sec > 100 Mbits/sec
Average Diffraction
Efficiency 0.5% 0.00044% as high as possible
Raw
Bit-Error-Rate 24 x 107 9.5 x 107 <10°

Table 1.2 : Experimental results obtained so far and the target values.
For the 100 micron thick photopolymer based holographic 3-D disk system, we

achieved a surface density of 10 bits’'um’. The total data capacity per 120 mm disk at 10
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bits/um’ is about 10 Gbytes, roughly ten times higher than the conventional compact disc.
However, the projected surface dénsity of the next generation compact disc, the Digital-
Versatiie-Disk (DVD), is around 6 bits/um’ per layer. The single layered DVD will be
introduced in the first quarter of 1997 and the dual. layered disks sometime shortly after.
The maximum number of layers planned so far is 4, which brings the total surface density
of the most advanced DVD up to approximately 20 bits/ un’. In order for hologréphic 3-
D disks to be competitive, we need to have a surface density that is much higher than the
maximum projected density of DVD. A simple way to increase the surface density of
holographic 3-D disks is to use a thicker recording material. To reach the target surface
density of 100 bits/um’, we would need a 1 mm thick photopolymer. However, a | mm
thick photopolymer is not currentlv available so we used a 1 mm thick LiNbO; to achieve
100 bits um". For a 1 mm thick holographic 3-D disk with a surface density of 100
bits um. the capacity per 120 mm disk is around 100 Gbytes, roughly 5 times higher than
the projected capacity of the most advanced DVD.

One major performance i<uc we have neglected completely in the high density
experiments is data transfer rate. For a read only holographic 3-D disk system, the
recording rate is probably not a big issue. Nevertheless the recording material should be
sensitive enough so the disks can be replicated quickly. The readout transfer rate on the
other hand is a key measure of system performance. Holographic data storage devices
have the potential for very fast data readout rate due to the page format of the stored
holograms. For both the photopolymer disk and LiNbO; experiments, the CCD array
used was much smaller than the aperture of the Nikon lens. Approximately 140 x 100

data mask pixels were captured within the CCD array aperture at a frame transfer rate of
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30 Hz. This gives a data readout rate of only .4 Mbits/s as compared to the projected

DVD channel bit rate of about 25 Mbits/s. If we had a CCD array large enough to
capture all 590,000 reconstructed pixels within 33 ms (30 Hz), then the data readout rate
would be 17 Mbits/s, which is still slower than DVD. in order to achieve the target value
of >100 Mbits/s data‘readout rate. we need an imager that can transfer 590,000 pixels at a
frame rate of ~180 frames/s. Not an impossible task considering Kodak's EktaPro Modél
4540 CCD [19] camera can achieve a maximum transfer rate of 4,500 frames a second.
At 256 x 256 pixels per frame, that is about 286 Mbits/s data transfer rate. However, at
such a high frame rate, the diffraction efficiency of the stored holograms becomes an issue.
For a signal-to-detector noise-ratio of greater than 40:1 with most CCD detector arrays, it
i necessary to collect approximately 1,000 photons per pixel. The amount of time it takes

to accumulate P photons per pixel can be expressed as:

Pthp
rlllm )'

(1.22)

where /1 is the Planck’s constant. ¢ i~ the speed of light. N, is the total number of pixels, n
is the diffraction efficiency. 1. is '"c incident power of the reference beam, .and A 1s the
wavelength, For example, if we chose the values from the 10 bits/um” photopolymer disk
experiment (.\, = 590.000, n = 0.5%0. 2 =532 nm. and a reference power of /i, = 20 mW
to read the stored holograms), then the required integration time per pixel, 7, is equal to ~
2 ps. much less than the frame integration time of 200 pus at 4,500 frames/s. So with the
photopolymer as the recording material. we probably don't have to worry too much about

collecting enough photons per pixel to achieve good signal-to-detector noise-ratio.
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Another important measure of system performance is the raw bit-error-rate. For
the high density experiments shown in this chapter, the estimated raw BER were in the
range of 10* to 107, similar to the raw BER of compact discs. Using error correction
codes with similar overheads as the compact discs, the BER of the holographic systems
can be made to be less than 102, We can achieve the target raw BER of 10° by
eliminating more noise sources such as multiple reflections and reference beam scattering
through AR coating.

What we ultimately want to construct is a holographic 3-D disk storage device
similar to the one shoWn in Figure 1.67. The systém consists of two major components :
the read write head and the holographic 3-D disk. The read/write head is mounted on a
mechanical slide so the sphefica] reference beam can access different tracks on the disk
while the spinning motion of the disk continuously reconstructs the in-track holograms.
The spherical reference beam reconstructs a page of data at a time and the data is readout
with a 2-dimensional detector arrav. For a system with recording capability, the data is
presented on the SLM and then recorded on the disk by mixing it with the spherical
reference 'beam. For a read-only drive, the signal beam is not required and the system
becomes very similar to compact disk drives. Notice there are no moving parts inside the
read write head and only about ten components are required. Some standard components
from compact disc drives, such as the objective lens assembly, can be used in this setup to
generate the spherical reference beam and to provide focus and tracking control. The
holographic 3-D disk setup shown in Figure 1.67 offers both the simple compact disc-like

architecture and high speed page access’high surface density of a holographic device.
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Figure 1.67 : A possible compact implementation of a photopolymer based holographic 3-
D disk system.

We are still a fair distance away from making a holographic 3-D disk system that
can be marketed as a commercial product. The biggest roadblock is the recording
material.  Currently, the most promising material for the type of application we have in
mind is DuPont's photopolymer. However, in order to achieve the target surface density
of 100 bits um. a recording material around 1 mm thick is required. So far, no 1 mm
thick ph(.»mpolymer is commercially mailable.  Furthermore, similar to a compact disc
drive. a fully operational holographic 3-D disk device has to provide focusing and tracking
error signals. For the system shown in Figure 1.67, the spherical reference beam is on-axis
with respect to the disk. Therefore, the same differential detection method used in
compact disc drives can be applied here. However, if we want to use the shrinkage
insensitive recording geometry with the reference beam off-axis, then perhaps special

markers could be embedded in the holograms to provide the error signals. Maybe a
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completely new method can be invented for holographic 3-D disk devices that exploits

some aspect of holography. Further research and development is required to deal with the
disk's axial and radial run-out problems.

" To achieve the target readout transfer rate of greater than 100 Mbits/s, we could
use fast CCD detectors such as Kodak's EktaPro cameras. However, the cost of these
cameras exceeds $100.000 per unit and therefore would not be practical for our
application. What is needed are CMOS detectors custom designed for holographic data
storage. The CMOS detectors can be designed with multiple outputs for fast frame
iransfer and smart electronics to classify the reconstructed pixels on the fly. Mass
production of these detectors should bring the cost down to be compatible with consumer
clectronics.

For the compact disc. a lot of research has been done in the-area of data structure,
modulation. and error-correction-codes to optimize the performance. With holographic 3-
D disks. the data is stored as discrete 2-dimensional pages. The extra dimension might
offer designers more flexibility (or headaches) in the selectioﬁ of optimal codes. Some
researchers are beginning to address these issues for holo.graphic data storage [20-22] and
a standard might emerge in the ncar future.

One of the reasons why the compact disc has been so successful is the ease of disk
replication. A compact disc can be made in less than a minute for less than 50 cents. This
has allowed the music industry to rake in huge profits in recent years. Fortunately,
holographic 3-D disks can also be replicated quickly and cheaply. One possible process

imolves copving the entire master disk through a single exposures [23]. This technique
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has been demonstrated for conventionally multiplexed holograms (angle, peristrophic,

etc.) but further deveiopment is needed for shift multiplexed holograms.

In this chapter, a new multiplexing method that is especially well suited for the
holographic 3-D disk application is shown. In its current implementation, a spherical lens
in placed in the reference beam to generate a spherical reference beam for shift
multiplexing. ~This technique works fine but perhaps the optimal shift multiplexing
configuration is still undiscovered. It may be possible to obtain better shift selectivity
and/or less inter-page cross-talk by making simple modifications to the reference beam.
For example, Figure 1.68 shows the shift multiplexing selectivity curves for three different
configurations. The solid black line is the same curve as Figure 1.38 while the two dotted
curves were obtained by plécing random phase plates of different resolutions in front of
the spherical lens in the reference arm. By decreasing the pixel size of the random phase
plate. the rays in the reference beam become more distorted and therefore the selectivity
improves (at the expense of increased background noise level). It might also be possible
to shape the intensity profile of the reference beam to reduce inter-page cross-talk noise
[24].

It is hard to predict the future of holographic data storage base on current stage of
development. Some have e_stimatcd its chances at 50/50 and I believe that is overly
optimistic. We have presented most of the technical roadblocks but perhaps the biggest
one of all is politics. Even if holographic 3-D disks can produce the target performance
numbers, why should the compact disc industry abandon their proven technology?

Luckily. within a few years we will be able to tell if holographic data storage is a boom or

bust.




]

113

—— f71.4 lens only
---------- f11.4 lens + 100 um X100 um random phase plate

------- f11.4 lens + 71 pmX 58 pm random phase plate
>
<
o
[4))
=
o}
oo
|
Q .
-
5
©
L
=
o
‘ i
e A et

250 -200 -150 -100 -50 0 50 100 150 200 250
Shift Distance (Microns)

Figure 1.68 : Shift selectivity curves for three different configurations.
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